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1. Introduction

Polarization Mode dispersion (PMD) has emerged as one of the critical hurdles for
next generation high bit-rate transmission systems (=10GB/s/channel). To first order,
PMD can be represented by a differential group delay (DGD) between the two principal
states of polarization.

For a fixed average PMD value, DGD is a random variable that has a Maxwellian
probability density function. A critical aspect of PMD compensation is to account for the
low probability but high-degradation tails of this distribution. PMD is a stochastic,
random process because: (i) each short discrete length of fiber will have a slightly
different core asymmetry, (ii) the extent of the signal degradation caused by PMD is
dependent on the state of polarization of light at a given point in the fiber link, and (iii)
the state of polarization of an optical signal will wander randomly due to temperature
changes and mechanical stress.

Fibers links deployed before 1996 may have a PMD value that is perhaps >100 times
greater than present-day fiber. Even with new fiber, PMD, remains a major problem
since: (i) there is still a small residual asymmetry in the fiber core, and (ii) slight PMD
exists in discrete in-line components, such as isolators, couplers, filters, Erbium-doped
fiber (EDF), modulators, and multiplexers. Therefore, even under the best of
circumstances, PMD will still significantly limit the deployment of 40Gbit/s systems.

PMD issues can be categorized in 4 different sections: System issues, emulation,
compensation and monitoring. Using this grant we have researched all these different
issues which will be explained in more detail in their corresponding sections.

System Issues: In contracting the deleterious effects of PMD, it is important for systems
designers to determine the relative merits of using several possible data formats for high-
speed systems that use the embedded fiber base. The formats considered are non-return-
to-zero (NRZ), return-to-zero (RZ), solitons—and specifically dispersion-managed
solitons (DMS), and pre-chirped RZ (CRZ). Many signal degrading effects evolve quite
differently in the regime of high PMD— PMD > 0.5 ps/km'*—as compared to the
regime of low PMD—PMD << 0.5 ps/km"?*—at 10 Gbit/s. In particular, although soliton
pulses might be less affected at low PMD due to the pulse stability and trapping in one
state-of-polarization, solitons tend to become unstable under high PMD conditions. We
compared the performance of NRZ, RZ, dispersion-managed solitons, and pre-chirped
RZ in the presence of high PMD for 10 Gbit/s terrestrial systems. Fiber nonlinearities and
signal chirp interacted with PMD-induced pulse distortion to generate clear trends in
system power penalties. The chirped RZ pulses seemed to be the most tolerant to high
PMD values.

Another important issue to take into consideration is the interaction between fiber
nonlinearities and the PMD especially in the presence of several WDM channels. We
show that in a WDM system, where different channels experience phase changes due to
nonlinear interactions between the channels, first-order PMD compensation is not as
effective as in the case of a single channel system. The phase change due to XPM can
introduce bit-pattern-dependent variations of the principal states of polarization (PSP),
therefore making it impossible to fully compensate for first-order PMD.



Another important issue is the interaction between PMD and Polarization Dependent
Loss (PDL) of the components in the system. In most of the analysis for a system with
PMD, PDL is considered to be zero, but when PDL is not negligable the PMD effect
(pulse broadening) can be severely magnified. We investigated the statistical properties
of the interactions between PMD and PDL using a 10-Gb/s, 8x82-km, recirculating fiber-
loop testbed. As average PDL varied from 1.0 to 2.1 dB with a fixed average PMD of 18
ps, the power penalty at 2% probability increased from 2.5 to 4.3 dB.

PMD Emulation: High PMD fiber is not commercially available, and even if it were, it
would not be able to rapidly explore a large number of different fiber conditions. For
testing of optical systems that may be affected by PMD and especially for the
characterization of PMD compensators and PMD monitors, it is critical to be able to
accurately emulate first and higher-order PMD and quickly cycle through a large number
of different fiber PMD states. In addition the frequency autocorrelation function of the
emulators should ideally follow the real fiber and quadratically tend to zero. This will
accommodate correct PMD emulation of several WDM signals simultaneously. We have
investigated a technique to accurately emulate PMD using multiple sections of PM fiber
with rotatable connectors. Also we have come up with a method to emulate PMD in a
short circulating fiber loop using loop-synchronous polarization scrambler.

PMD Compensation: It is usually considered that the maximum tolerable PMD is
between 10-20% of the bit duration. Typical PMD values of installed fibers are greater
than 1.5ps/Nkm, which limits to a few 100km the transmission distance at 10Gb/s the
maximum tolerable PMD value without compensation is rapidly reached. For higher
values compensation is required. We have proposed several schemes to increase the
tolerable PMD value. We have looked at first order Fiber Bragg Grating (FBQG)
Compensator, WDM compensation using a single module, combined effect of Forward
Error Correction and first order compensation, higher order compensation, PDL
compensation and the effect of nonlinearities (specifically XPM) on successful
compensation.

PMD Monitoring: Since the birefringence of a fiber changes randomly along a fiber link
and the state-of-polarization of an optical signal changes with environmental conditions,
PMD effects on the data signal are stochastic and time varying. Therefore, any PMD
compensator at a receiver must track the degrading effects of PMD and dynamically
adjust the amount of compensation. Such tracking requires accurate monitoring of these
>ms-time-scale effects. In addition, even if the PMD compensation is implemented after
the receiver and in the electrical domain, still optical PMD monitors will be crucial in
compensation. Several methods for monitoring PMD have been investigated and
are discussed further throughout this report.



2. PMD systems effects

The following system effects were investigated.

(a) The performance of NRZ, RZ, dispersion-managed solitons, and pre-chirped RZ in
the presence of high PMD was compared for 10 Gbit/s terrestrial systems. Fiber
nonlinearities and signal chirp interacted with PMD-induced pulse distortion to generate
clear trends in system power penalties. The chirped RZ pulses are shown to be the most
tolerant to high PMD values.

(b) In a WDM system, where different channels experience phase changes due to
nonlinear interactions between the channels, first-order PMD compensation is not as
effective as in the case of a single channel system. The phase change due to XPM can
introduce bit-pattern-dependent variations of the principal states of polarization (PSP),
therefore making it impossible to fully compensate for first-order PMD. In fact, for
optical power as low as 3 dBm/channel in systems where PMD is not uniformly
distributed along the transmission link, first-order PMD post-compensation can be
ineffective.

(c) The combined statistical effect of PMD and PDL was investigated in a 10-Gb/s, 8x82-
km, recirculating fiber-loop testbed. As average PDL varies from 1.0 to 2.1 dB with a

fixed average PMD of 18 ps, the power penalty at 2% probability increases from 2.5 to
4.3 dB.

(d) It is shown that polarization dependent gain (PDG) in Raman fiber amplifiers is a
statistical parameter that depends on the PMD of the fiber. The PDG distribution is
characterized by simulation and verified by experiment.

2.1 Comparison of different modulation formats in terrestrial systems
with high polarization mode dispersion

The performance of NRZ, RZ, dispersion-managed solitons, and pre-chirped RZ in the
presence of high PMD was compared for 10 Gbit/s terrestrial systems. Fiber
nonlinearities and signal chirp interacted with PMD-induced pulse distortion to generate
clear trends in system power penalties. The chirped RZ pulses are shown to be the most
tolerant to high PMD values.

In contracting the deleterious effects of PMD, it is important for systems designers to
determine the relative merits of using several possible data formats for high-speed
systems that use the embedded fiber base. The formats considered are non-return-to-zero
(NRZ), return-to-zero (RZ), solitons—and specifically dispersion-managed solitons
(DMS), and pre-chirped RZ (CRZ). Many signal degrading effects evolve quite
differently in the regime of high PMD— PMD > 0.5 ps/kml/z—as compared to the
regime of low PMD—PMD << 0.5 ps/km'"?*—at 10 Gbit/s. In particular, although soliton
pulses might be less affected at low PMD due to the pulse stability and trapping in one
state-of-polarization, solitons tend to become unstable under high PMD conditions.
Previously published analyses of optical pulse propagation along a fiber link have



generally been limited to the statistical average time evalution of these pulses. However,
there has been little system study of the limitations placed on terrestrial systems by
considering the complete statistical characteristics of PMD.

SMF DCF SMF DCF
80 km 15 km 80 km 15 km
ml D_(II)_D 000 m D_(II)_D
N— -
———

total length = 570 km

Figure 1. Model used for terrestrial system. Dispersion of the SMF = 17 ps/nm/km, loss of SMF = 0.25
dB/km, loss of DCF = 0.5 dB/km

We concentrated our model on terrestrial systems operating at 10 Gbit/s. Figure 1
shows the setup of our model. We consider a dispersion map that consists of 80 km of
single-mode fiber (SMF), 15 km of dispersion compensation fiber (DCF), and 2 optical
amplifiers. This is a commonly used dispersion map for terrestrial systems. The average
input power is set to 5 dBm and —1 dBm for SMF and DCF fibers respectively. Six stages
of this dispersion map are considered, totaling 570 km of transmission. We assumed zero
average dispersion for NRZ and RZ (50% duty cycle) formats, and approximately 0.4
ps/nm/km for DMS format. For CRZ (chirp=1) format, the total residual dispersion of the
link is assumed to correspond to the maximum pulse compression at the end of
transmission with no PMD in the link—i.e. approximately 150 ps/nm. The full width at
half-maximum power of DMS pulses was optimized for the best performance with no
PMD in the link—i.e. approximately 25 ps.

NRZ 10 Gb/s
t <DGD> =28 ps

Probability Density Function

10 12 14 16 18
Qfactor (dB)

Figure 2. Q factor distribution for 10,000ensembles of fibers. Average accumulatedDGD is 28 ps.



For each PMD value, an ensemble of 10,000 fibers is evaluated using the coarse step
method. An ideal integrate-and-dump receiver is considered, and the best sampling time
is searched within a bit-time window to take into account the PMD-induced pulse shifts.
Amplified spontaneous emission noise is assumed as the dominant noise source. Figure 2
shows the Q-factor probability density function for a 10 Gbit/s NRZ system with 28 ps of
average differential group delay (DGD). The Q-factor can vary over a wide range
depending on the birefringence of different segments of transmission fiber. Since it is
insufficient to consider the average system performance, we take into account the worst
case Q-factor that appears in the tail of its distribution.

Figures 3(a) and 3(b) show average and worst case—with probability of 0.001—
PMD-induced power penalties for different PMD values (average DGD) and different
modulation formats at 10 Gbit/s. There is a large differential in power penalties between
the worst case and average case scenarios. In general, pulses with shorter duty cycles—
including RZ, DMS and CRZ—perform better than NRZ because they have a wider
margin which makes them more tolerant to pulse broadening. In NRZ format, PMD-
induced inter-symbol interference causes a rapidly increasing "0" level. Higher "0" levels
induce higher amplifier-generated noise on the "0" bits and increase the power penalty.
DMS and RZ tend to perform similarly for high-PMD values. It should be noted that
soliton trapping, in which soliton energy remains in a single polarization, can not prevent
PMD-induced distortion as PMD values considered here are higher than the trapping
limit.

It is well known that chirped pulses in the presence of the chromatic dispersion
undergo initial compression if the signs of the chirp and dispersion are the same.
Knowing this fact, we introduced chirped super-gaussian RZ pulses (CRZ) as the input
signal and took advantage of the pulse compression to negate PMD-induced pulse
broadening. This type of signal format would have a similar pulse width as RZ format but
it has a specific phase change—i.e. chirp—at the edges of the pulse. It is important that
the signal chirp and the residual chromatic dispersion of the transmission link are
matched to generate the maximum pulse compression at the receiver end. Due to PMD-
induced pulse broadening, some part of the pulse energy leaks to the neighboring bits,
and causes inter-symbol-interference and high power penalty. Chirp-induced pulse
compression helps the pulse energy to remain in its bit time, and_therefore decreases the
power penalty. This leads to a superior performance for CRZ pulses over other data
formats at higher PMD values.
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Figure 3. PMD-induced power penalty @ BER=10" for different PMD values in an ensemble of 10,000 fiber
after 570km transmission, a) average power penalty, b) worst case power penalty (probability < 0.001).
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Figure 4. Chirp effect on 10 Gbit/s RZ systems with 28 ps average accumulated DGD after 570 km
transmission.

Figure 4 shows the influence of chirp on power penalty for RZ pulses at 28 ps average
DGD. For different chirp values, the residual dispersion of the transmission link is
assumed to match for the maximum pulse compression at the receiver end with no PMD
in the link. It is shown that pre-chirping can greatly reduce the power penalty caused by
PMD. For chirp=1, ~1.7 dB improvement compared to un-chirped RZ is obtained.
Although the result is shown for a super-Gaussian chirped RZ pulses, we also evaluated
the performance improvement for linearly chirped RZ pulses (chirp=1) and found similar
improvement. By increasing the chirp to 5, the power penalty improves by ~ 3 dB.
However, large chirp values result in much higher bandwidths than the un-chirped signal.



2.1.1 Experimental Penalty distribution comparison for different data
formats under high PMD values

The performance of conventional and chirped versions of RZ and NRZ was
experimentally compared in 10-Gbit/s systems that have high average DGD of >40 ps. It
was found that the RZ formats have a significantly smaller power variance (~2 dB)
between the peak and the 2-% tail of the power distribution than the NRZ formats, which
reduces the probability of link outage. Furthermore, chirped-NRZ (CNRZ) provides a
significant increase (>2 dB) in baseline sensitivity relative to NRZ. Overall, chirped-RZ
(CRZ) provides the best performance.

Figure 5 shows the experimental setup used to compare the four different data formats
in the presence of high PMD (average DGD ~42.6 ps). An external-cavity laser at 1556.7
nm is externally modulated with two cascaded electro-optic (EO) modulators to achieve
NRZ and RZ intensity modulation at 10-Gbit/s (2'°-1 PRBS). The phase-adjusted 10-
GHz clock signal is applied at the second EO-modulator to obtain RZ data. A phase
modulator, also driven with the clock signal, is used to introduce a sinusoidal chirp after
intensity modulation. The PMD emulator consists of 15 sections of polarization-
maintaining (PM) fiber, with 9 polarization controllers distributed between the sections to
realize different polarization coupling and therefore closely emulate the Maxwellian
distribution of DGD. The measured average DGD value of the emulator is ~42.6 ps.

After the PMD emulator, 16 km of dispersive single-mode fiber (SMF) is used to
compress the pulses for CNRZ and CRZ data. The amount of the applied chirp for
CNRZ and CRZ is optimized based on bit error rate (BER) performance after the 16 km
of SMF, with a resulting modulation depth at the phase modulator of about 0.5 for both
cases.

NRZ RZ Chirp
Modulator Modulator Modulator

OSA OF SMF 15 section
PMD Emulator

Figure 5. Experimental setup (PPG: pulse pattern generator, OF: optical filter, Att. :variable attenuator)

The distribution of the received optical power at BER=10" in the presence of PMD is
measured for the four different data formats by randomly changing the polarization
coupling inside the PMD emulator using the polarization controllers. Figure 6 shows the
measured distribution of the received optical power at BER=10" for (a) NRZ, (b) CNRZ,



(c) RZ, and (d) CRZ (500 distinct emulator states for each data format). The general
shape and tail of the NRZ distribution is similar to the CNRZ distribution, and the general
shape and tail of the RZ distribution is similar to the CRZ distribution.

For a given data format, the power variance between the peak and the 2-% tail
(corresponding to the 10 worst out of the 500 samples) position provides crucial
information about the sensitivity of that format to PMD-related effects. The positions of
the peak and the 2-% tail of the power distributions for the four data formats are listed in
Table 1. The RZ and CRZ data formats achieve a ~2 dB lower power variance than the
corresponding NRZ formats (measured between the peak and the 2-% tail position of the
distribution). Due to their narrower pulse widths, RZ and CRZ data formats have a
greater tolerance for pulse spreading at larger DGD values (i.e., at the tail of the DGD
distribution) than NRZ and CNRZ data formats. This results in less increase in the “0”’-
level caused by inter-symbol-interference, and hence in less signal-spontaneous beat
noise for the RZ formats. For both RZ and NRZ, chirping the signal results in a higher
baseline sensitivity.

Figure 7 shows measured eye diagrams for NRZ, CNRZ, RZ, and CRZ: without PMD
(top), at the peak of the distribution with PMD (middle) and at the tail end of the received
optical power distribution with PMD (bottom). Severe distortion of the received eye
diagrams at the tail of the power distribution can be observed for all four formats, but the
CRZ and RZ formats show a better eye opening compared to NRZ.
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Figure 6. Measured distribution of the received optical power at BER=10-9 for (a) NRZ, (b) CNRZ, (¢)
RZ, (d) CRZ data formats (average DGD ~42.6 ps).



Table 1. Received optical peak power, 2-% tail power, and power variance between peak and 2-% tail at
BER=10"° for NRZ, CNRZ, RZ, and CRZ data formats (average DGD ~42.6 ps).

RZ

NRZ

with chirp

without chirp

with chirp

without chirp

Peak power (dBm)

-18.6

-17.9

-18.1

-15.7

2-% tail power (dBm)

-15.2

-14.0

-12.7

-10.0

Variance between peak and

34

39

54
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Figure 7. Measured eye diagrams for different data formats.

2.2 Limitations to First-Order PMD Compensation in WDM Systems Due
to XPM-Induced PSP Changes

We show both numerically and experimentally that the nonlinear phase change due to
XPM induces a bit-pattern-dependent change in the state-of-polarization that translates to
uncertainty in the PSP. This effect severely limits the effectiveness of first-order PMD
post-compensation and suggests the use of in-line compensation.

First-order PMD compensation is the simplest technique to compensate for PMD. It is
accomplished by simply delaying one state-of-polarization (SOP) with respect to the
other by the amount of DGD. There have been several experiments to demonstrate first-
order PMD compensation. However, nearly all of these experiments only used single-
channel PMD compensation, and the potentially significant effects of fiber nonlinearities
in WDM systems on first-order PMD compensation were overlooked.

We show that in a WDM system, where different channels experience phase changes
due to nonlinear interactions between the channels, first-order PMD compensation is not
as effective as in the case of a single channel system. We show that the phase change due
to XPM can introduce bit-pattern-dependent variations of the principal states of
polarization (PSP), therefore making it impossible to fully compensate for first-order
PMD. In fact, for optical power as low as 3 dBm/channel in systems where PMD is not
uniformly distributed along the transmission link, first-order PMD post-compensation can
be ineffective.



Nonlinear Transformation of the SOP

The index of refraction can be changed by the optical power in a specific polarization
state, resulting in a nonlinear birefringence. In WDM systems, cross-phase modulation
(XPM) induces a nonlinear, bit-pattern-dependent phase change in an optical signal
whenever there is optical power present at other wavelengths, causing a bit-pattern-
dependent variation in the SOP. Figure 8 illustrates this concept for a simple 2-channel
system. The bits at wavelength A; that propagate alongside a long series of “1”’s in the
channel at A, experience a small change in the birefringence of the fiber that changes their
original SOP. This effect becomes significant when the relative SOPs of the channels are
preserved over a distance that is long enough for nonlinear interactions to accumulate,
implying that the nonlinear change in the SOPs is more prevalent in fibers with very low
PMD, in which the relative polarization states of the channels remain correlated over long
distances.

If the PMD is not uniformly distributed along the transmission fiber (e.g., high PMD
sections of fiber are followed by low PMD sections of fiber), the overall link will still
require compensation. However, the nonlinear change of the SOPs in the low PMD fiber
sections can seriously reduce the effectiveness of PMD compensators, due to the fact that
the overall PSP is dependent on the power of the other optical channels and their SOPs.
Since first-order PMD compensation depends on applying the appropriate amount of
DGD, aligned with the PSPs of the signal, it follows that if the PSP is bit-pattern-
dependent, PMD compensation cannot be effectively realized.
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Figure 8. Optical power induces a small nonlinear birefringence that randomizes the SOP, limiting the
effectiveness of first-order PMD compensation.

Numerical System Model and Experimental Set-up

Our simulations concentrated on terrestrial systems operating at 10 Gbit/s. Each
dispersion map consists of 85 km of single-mode fiber (SMF), 15 km of dispersion
compensating fiber (DCF), and two gain stages. The average input powers are set to 5
dBm and —2 dBm for the SMF and DCF fibers, respectively. We considered six stages of
dispersion-map transmission, totaling 600 km. The WDM channel spacing is considered
to be 0.8 nm. A low-pass filter with a 6 GHz cut-off frequency is used at the receiver.
The sampling time and decision threshold are optimized to account for PMD-induced bit-
pattern shifts. Amplified spontaneous emission noise is assumed as the dominant noise
source.
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For our experiment, we used an optical recirculating loop, which consists of ~82 km
SMF and ~12 km DCF. The signal passed a single-section PMD compensator with ~76
ps DGD after 6 passes through the loop.

Results

To evaluate the effects of XPM on PMD compensation, we first consider the simple
case of a 2-channel system. The first channel contains a random 64-bit signal, with 50 ps
of DGD applied to its two orthogonal polarization components, and is transmitted over
600 km of low PMD fiber [0.1 ps/(km)l/ *]. First-order PMD compensation is used at the
end of the transmission link. The second channel is used to induce XPM, and consists of
a long series of “1”’s followed by a long series of “0”’s to take into account the worst case
patterns.

Figure 9(a) shows the power penalty distributions for a 2-channel system with
different average optical power levels in the XPM-inducing channel. Figure 9(b) shows
the 10% worst-case penalty for different initial DGD values and different average XPM-
inducing optical powers. These results show that although in a single channel system
without XPM the initial DGD can be fully compensated after transmission, in a WDM
system with XPM, the first-order PMD compensator can not fully compensate for the
initial DGD due to uncertainty in the PSP. Higher initial DGD values are more
susceptible to the uncertainty in the PSP, as small deviations in the PSP result in higher
penalties after compensation. It can be seen that average optical powers as low as 3 dBm
can cause severe penalties after first-order PMD compensation.

It is important to note that if the PMD of the link is not small, the different SOPs of
the WDM channels become uncorrelated and change quickly over a very short distance.
This results in an averaging of the nonlinear effects on the SOPs which reduces the
impact of XPM-induced PSP variations. Figure 10(c) shows the power penalty caused by
XPM-induced PSP variations for a signal with 50 ps initial DGD after first-order
compensation. It can be seen that the penalty is initially reduced as PMD increases.
However, as PMD continues to increase, an additional penalty is induced due to higher-
order PMD, which can not be fully compensated with a first-order PMD compensator.

In order to support our simulation result, we set up an experiment as shown in Fig.
2(d). We transmitted two optical signals (one with modulated data and the other as a
continuous wave). By adjusting the polarization controller (PC1) before the PM fiber, we
first optimized the performance of the system and measure the bit-error-rate (BER) curve.
Then we changed the relative polarization between the two optical signals by changing
PC2 to get the worst performance. The BER curves for different optical powers on the
XPM-inducing channel are shown in Figure 9(e), indicating a significant change in the
performance of the system.

Figure 10 shows the Q-factor distribution for an 8-channel system with 3 dBm/channel
optical power, before and after first-order PMD compensation. Again, it is assumed that
all channels but one consist of a long series of “1”’s followed by a long series of “0’’s to
simulate worst-case XPM. The first 100 km of the link is assumed to have a high PMD of
3 ps/(km)l/z, and the remaining 500 km has a low PMD of 0.1 ps/(km)l/z. It is clearly seen
that XPM has little effect on the Q-factor distribution without first-order PMD
compensation, but causes significant distortion (> 4 dB penalty) after compensation.
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Because fiber nonlinearities can limit the performance of first-order PMD post-
compensation, in-line compensation may be necessary to avoid accumulation of PSP

uncertainties over the link.
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Figure 9. SIMULATION—600 km transmission, 2-channel 10 Gb/s system, 0.8 nm channel spacing—(a)
Power penalty distributions due to different XPM-inducing optical powers (average power =-1 dBm, 2
dBm, 5 dBm) after first-order PMD compensation, 50 ps initial DGD, (b) 10% worst-case penalty after
first-order PMD compensation for different initial DGD values and different average XPM-inducing
optical powers, (c) 10% worst-case penalty after first-order PMD compensation vs. PMD of the link, 50
ps initial DGD, 5 dBm/channel; EXPERIMENT—6 times re-circulation in the loop, 0.8 nm channel
spacing—(d) Experimental set-up, (¢) BER curves for the best and worst relative polarization between
the two signals for 2.5 dBm and 4 dBm input power on the XPM-inducing channel to the SMF.
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Figure 10. Q-factor distribution for a 10 Gb/s signal (8-channels) after 600 km transmission. The first 100
km of the link has a high PMD of 3 ps/(km)"?, and the remaining 500 km has a low PMD of 0.1
ps/(km)” 2, (a) No XPM, before PMD compensation, (b) No XPM, after PMD compensation, (c) with
XPM, before PMD compensation, and (d) with XPM, after PMD compensation.
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2.3 Statistical Measurement of the Combined Effect of PMD and PDL
Using a 10-Gb/s Recirculating Loop Testbed

The combined effect of PMD and PDL was investigated statistically using a 10-Gb/s,
8x82-km, recirculating fiber-loop testbed. As average PDL varied from 1.0 to 2.1 dB

with a fixed average PMD of 18 ps, the power penalty at 2% probability increased from
2.5t0 4.3 dB.

Fiber-optic communication systems and networks are vulnerable to problems arising
from various fiber polarization effects, particularly, polarization mode dispersion (PMD)
and polarization dependent loss (PDL). To first order, PMD induces pulse broadening by
creating a delayed copy of the original signal. PDL has also been recognized as a critical
issue because various optical networking components, such as isolators, filters, and
switches, may have non-negligible PDL. It is well known that PDL, as well as
polarization dependent gain (PDG) of optical amplifiers, can induce a random fluctuation
of the optical signal-to-noise-ratio (OSNR), which leads to a significant performance
degradation in long-distance systems. Furthermore, theoretical analysis has shown that
PDL can enhance pulse broadening when combined with PMD. A recent experiment
reported bit-error-rate (BER) degradation and instability due to a lumped PDL placed
after a PMD emulator in 2.5 Gb/s system. However, investigation of the combined effects
of PMD and PDL in an experiment that closely approximates a real optical amplifier
system has never been reported.

Recirculating fiber loop testbeds are powerful tools in the research and development
of optical amplifier systems. However, conventional recirculating loops are inadequate in
the presence of non-negligible polarization-dependent effects, specifically PMD, because
a recirculating loop exhibits some measure of periodic behavior that artificially produces
an unrealistic PMD distribution that is skewed towards higher differential group delays
(DGDs). Our solution to this problem is to employ loop-synchronous polarization
scrambling inside the loop. This technique provides an effective tool to measure
statistically the effects of PMD and/or PDL on system performance.

In this paper, we measure the probability distribution of power penalties for a 10-Gb/s,
8x82-km recirculating fiber loop that represents a typical terrestrial system. For this
system, with an average PMD of 18 ps, the penalty distribution tail at 2% probability
increases from 2.5 to 4.3 dB as the average PDL increases from 1.0 to 2.1 dB. In the
absence of PMD (PDL only), we observe much lower power penalties. As the number of
optical components increases in the links, this problem will become more severe.

Experimental Setup

Figure 11 shows the experimental setup. An external cavity laser at 1557 nm is
modulated at 10 Gbit/s (215-1 PRBS). The dispersion-managed recirculating loop
consists of three EDFAs operating in the saturated regime, 82 km of single-mode fiber
(SMF), and 12 km of dispersion-compensating fiber (DCF) with a chromatic dispersion
of -1348 ps/nm. The input powers to the SMF and DCF are fixed at 3.0 dBm and -1.0
dBm, respectively. In order to emulate the statistical distribution of PMD and PDL in real
systems, a loop-synchronous LiNbO3 polarization controller (PC), a polarization-
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maintaining (PM) fiber, and a PDL emulator are used inside the loop. The polarization
transfer matrix of the LiNbO3 PC is controlled by six input voltages and can be set to a
random state during each loop period. These decorrelated polarization states are repeated
after a certain number of loops as determined by the loop control circuitry. The PDL
emulator can be adjusted from 0.15 dB to 0.9 dB per pass. The background PDL, mainly
due to the LiNbO3 PC, is about 0.25 dB per loop. We use 8 passes through the loop,
corresponding to about 650-km transmission.
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Figure 11. Setup of our recirculating fiber loop with loop-synchronous polarization scrambling.

Results and Discussion

Figure 12 shows the standard deviation of the received power penalty after 650-km
transmission under different conditions of combined PMD and PDL, with each point in
the figure measured from 200 samples. Here, the power penalty is determined by
comparing the receiver sensitivity at 10° BER with the back-to-back sensitivity measured
at 25-dB OSNR. The intrinsic penalty without the PM fiber and PDL emulator is about
0.8 dB. TThe average PDL is estimated as,/Loop number x(PDL/loop) , Where in this case the

loop number is 8. Without the PM fiber, the standard deviation of power penalties comes
from fluctuations in the received OSNR. This is a relatively small effect. PMD is
introduced by including a piece of PM fiber in the loop. Two spools of PM fiber with 6.9-
ps and 8.4-ps DGD are used, corresponding to average system PMD (8 loops) of 18 ps
and 22 ps, respectively. Also shown in Fig. 2 is a comparison between measured data and
estimated results under the assumption that PDL and PMD affect system performance
independently. When the average PDL is lower than 1.0 dB (0.35 dB/loop), the
interaction between PMD and PDL is not obvious. However, when PDL is greater than
2.1 dB (0.75 dB/loop), serious performance degradation is observed, e.g., the power
penalty standard deviation changes from 0.8 dB to 1.9 dB as the average PDL varies from
0.7 dB to 2.5 dB with 22-ps PMD.
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Figure 12. Standard deviation of power penalty versus average PDL after 650-km fiber transmission. Solid
line: measurement (each point obtained from 200 samples) Dashed line: estimated results assuming
PMD and PDL are statistically independent

To further compare system performance under conditions of small and large PDL, we
measure the histogram of power penalties with the results shown in Figure 13. Here, each
histogram is drawn from 500 samples. Without incorporating PMD into the loop, the
power penalty for 500 samples is bounded by 2.5 dB even when the average PDL is 2.1
dB, as shown in Figures 13(a) and (b). We assume a system outage happens when the
power penalty is greater than 4 dB. Only 2 outages are observed when the system has a
PMD of 18 ps and a relatively small PDL of 1 dB (0.35 dB/loop), as shown in Figure
13(c). This agrees with the 0.3% outage probability obtained from a simulation assuming
that PDL is negligible. However, when the PDL increases to 2.1 dB (0.75 dB/loop), the
number of outages increases to 13 out of 500 samples, as shown in Figure 3(d). Such an
outage probability (2.6%) far exceeds the result expected under the assumption that the
effects of PMD and PDL are statistically independent, confirming that the performance
degradation is due to the combined effect of PMD and PDL. In addition, the power
penalty distribution tail at 2% probability increases from 2.5 dB to 4.3 dB as the PDL
increases from 1.0 dB to 2.1 dB for 18-ps PMD.
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Figure 13. Histograms of power penalty of PDL only and combined PMD/PDL (500 samples each). Here
PDL value is average PDL. (a) PMD=0 ps/PDL=1.0 dB (b) PMD=0 ps/PDL=2.1 dB (c) PMD=18
ps/PDL=1.0 dB
(d) PMD=18 ps/PDL=2.1 dB

2.4 Statistics of Polarization Dependant Gain in Raman Fiber Amplifiers
due to PMD

Polarization dependent gain (PDG) in Raman fiber amplifiers is shown to be a
statistical parameter that depends on the PMD of the fiber. The PDG distribution was
characterized by simulation and verified by experiment.

With the recent availability of high power pump lasers, Raman amplification has
become feasible for commercial DWDM fiber-optic communication systems. Raman
fiber amplifiers are highly attractive for their low equivalent noise figure and wideband
gain. However, the Raman gain coefficient is polarization sensitive and can be up to 10
times higher when the signal and pump polarization states are parallel rather than
perpendicular. Previous studies of this polarization dependent gain (PDG) investigate its
relationship with the polarization mode dispersion (PMD) of the fiber, and the degree of

16



the polarization (DOP) of the pump laser. These studies show that when the average
PMD of the fiber becomes high enough, or if the pump DOP is very low, then the PDG
becomes negligible. But these studies do not investigate the statistical behavior of the
polarization dependant gain.

There are two ways of characterizing polarization sensitivity in Raman amplifiers.
One is to measure the PDG at a given point in time, which is determined by varying
either the pump or signal polarization and recording the difference between the maximum
and minimum gains. Alternatively, one can monitor how the instantaneous gain varies
over time due to both PMD induced variations and changes to the signal's input state of
polarization (SOP). In this paper we investigate the statistical characteristics of both of
these parameters theoretically and experimentally.

Since PDG is greatly reduced for counterpropagating pump schemes, we use a
copropogating configuration in our experimental setup to magnify the polarization
effects. Copropogating amplifiers have certain improved amplification characteristics and
may be useful in some system applications, and for these, a quantitative understanding of
PDG statistics may be critical. Our results show how the mean and standard deviation of
the PDG decreases with increasing values of PMD.
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Figure 14. Raman amplifier setup and measured DGD distribution; <DGD>= 0.19ps, PMD=0.06ps/km1/2.

Experimental setup

Figure 14 depicts the experimental setup. The Raman amplifier consists of 10 km of
unspooled dispersion shifted fiber. The input pump power is 205mW and the average
gain is 3.4 dB. The signal passes through a computer controlled polarization controller to
vary the signal's input SOP. The switch in the pump path is used to "turn off" the pump
for gain measurements. The pump and signal are separated at the output where the signal
power fluctuations are monitored with an optical spectrum analyzer (OSA).

Within the amplifier, 11 polarization controllers (PCs) are placed at approximately
800m intervals. By changing these PCs between measurements, we induced random
variations in the polarization mode coupling within the transmission fiber that would
otherwise only occur over a long period of time. We verified this technique by taking
500 samples of instantaneous differential group delay (DGD) at our signal wavelength
while randomly changing the PCs between measurements. The resulting DGD
distribution (figure 14) closely approximates the expected Maxwellian and yields an
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average PMD of 0.06 ps/km”. It should also be noted that the PDL of our setup is
<0.33dB, which is about 1 dB less than our average PDG.

Results

Figure 15(a) shows the measured PDG distribution. The 11 PCs were varied randomly
between each of the 500 samples. During each measurement, the output signal power was
monitored while the input signal SOP was varied randomly. The maximum achieved
power fluctuation determines the PDG since the average Raman gain, which was also
measured at each data point, remained constant at 3.4+0.15 dB (variation due to PDL).
To further verify our measurement technique, another 500 samples were taken without
changing the 11 PCs at all (over a period of only four hours to avoid the natural evolution
of polarization coupling within the fiber). The resulting PDG remained constant within
0.2 dB, adding validity to our method. Figure 15(b) shows the cumulative distribution
functions (cdf) for the measured and simulated PDG for 0.06 ps/km” 2 PMD. Note the
simulated and experimental results closely agree. Similarly, figures 15(c) and (d) show
the measured and simulated distributions of the instantaneous Raman gain. Again, the
simulated and experimental results are in agreement.

100 _ 99.99 T
(a) Mean = 1.23 dB »9r (b)
sol St. Dev. =0.42 dB 9
;\? 90
< 60l = mf
E £
) < 30f
© a0t o
% 5t
b aq A Simulation
20+ Az ! ® Experiment
01 . . . . .
0 = 0 0.5 1 1.5 2 2.5 3
0 05 1 15 2 25 3 PDG (dB)
Measured PDG (dB)
140 - 99.99 ,
(©) Mean = 3.40 dB #9r (d) S
120 St. Dev. = 0.30 dB 99 ;e
100} S
£ sof g
O 60 § 1r
- 10+
40 ?_ A Simulation
I S ® Experiment | ]
20+ 1k
Uy = N T S VR P
2.5 3 35 4 - - i
Gain (dB
Measured Gain (dB) ain (aB)

Figure 15. (a) Measured histogram of PDG, (b) simulated vs. experimental cumulative distribution
functions of PDG; (c) and (d) show the same plots for the Raman gain (for PMD=0.06 ps/km2).
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Since our experimental results are presently limited to only a single PMD value (we
are looking for higher PMD fibers to further our experiments), the simulation was used to
investigate how the PDG statistics vary for different values of PMD. Our simulation
models a fiber with PMD as a series of 1000 equal length sections with random
polarization mode coupling between them. The Raman gain of each section depends on
the relative polarizations of the signal and pump. Figure 16(a) shows that even modest
increases in the PMD reduce both the average and spread of the PDG distribution. Figure
16(b) shows the normalized variation of the mean PDG versus PMD. The results show
that a total PMD of 0.66 ps (0.2ps/km” x (10km)”) is enough to reduce the mean PDG to
as low as 10% of the average gain. Figure 16(c) shows the normalized variation of the
standard deviation of the Raman gain versus PMD. Also note that the constant slope in
figure 16(b) shows that the product of the mean PDG and the PMD of the link remains
constant, as does Ggain X PMD (figure 16(c)).
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Figure 16. (a) Histograms showing how the mean and standard deviation of the Raman PDG decrease as the
PMD is increased from 0.03 to 0.09 to 0.15 ps/km'/’; (b) and (c) show the mean PDG and the standard
deviation of the Raman gain versus PMD (and 1/PMD) for a 10-km Raman amplifier (where the PDG
and gain are normalized to the average gain).
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3. PMD Emulation

For testing of optical systems that may be affected by PMD and especially for the
characterization of PMD compensators, it is critical to be able to accurately emulate first
and higher-order PMD and quickly cycle through a large number of different fiber PMD
states. Any PMD emulator should meet the following three key performance metrics:

(1) The DGD should be Maxwellian-distributed over an ensemble of fiber
realizations at any fixed optical frequency.

(2) The emulator should produce accurate higher-order PMD statistics and should
be able to reach any combination of first and higher-order PMD values.

(3) When averaged over an ensemble of fiber realizations, the frequency
autocorrelation function of the PMD emulator should tend towards zero outside
a limited frequency range.

In addition to the above performance requirements, a PMD emulator should ideally
exhibit the following features to act as a practical measurement tool:

(1)  Stability — the PMD of the emulator should remain stable over the measurement
period, which may last minutes to hours.

(2)  Repeatability and predictability — it should be possible to “dial in” any desired
PMD state of the emulator.

(3) Simplicity — the implementation of the emulator should be simple and power
efficient, and it should be easy to quickly vary the emulator’s PMD state.
Furthermore, the emulator should ideally have low loss and exhibit negligible
polarization dependent loss (PDL).

The first two requirements, stability and repeatability, are very difficult to achieve
since most emulators are constructed of several birefringent elements which tend to be
extremely sensitive to environmental changes, causing the polarization state at the
emulator output to vary over short periods of time even though the control parameters are
held constant (such as polarization controller settings, crystal rotations, etc.).

With this grant,

(a) Both experimentally and theoretically a new technique was investigated to
realistically emulate polarization mode dispersion. It was demonstrated that 15 sections
of polarization-maintaining fiber with randomly rotatable connections emulate an almost
ideal Maxwellian differential group delay (DGD) distribution and close to ideal
frequency auto correlation function whereas fixed connections is inadequate.

(b) A compact, all-fiber PMD emulator with accurate first and higher order PMD
statistics was constructed using electrically controllable thin-film micro-heaters to
temperature tune the birefringence of multiple PM fiber sections spliced at 45° angles.
The advantages over the previous emulator were low loss, negligible PDL, simple
construction, no internal reflections, and no moving parts.
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(c) A short recirculating fiber loop (~100 km) that can emulate PMD with Maxwellian
statistics was realized by loop-synchronous polarization scrambling inside the loop. The
performance of the distribution-correct PMD loop was compared both experimentally and
numerically to that of a distribution-incorrect PMD loop. This achievement enabled
correct PMD experiments in the recirculating fiber loops.

3.1 Emulator with Polarization Controllers or Rotatable Connectors
between Sections

Our initial investigations of PMD emulators focused on the study of the number
sections required to produce accurate first and higher order statistics, on the differences
between full polarization scattering and simple polarization rotation between sections,
and on obtaining a frequency autocorrelation function that quadratically falls to zero after
a short bandwidth. Both simulation and experimental investigations were performed. In
addition, an analytical formula for the probability density function of an emulator with
polarization scattering between sections was developed.

Figure 17(a) shows simulated probability density functions for 3- and 15-section
emulators with polarization controllers between each section of PM fiber. It was observed
that utilizing unequal lengths of PM fibers increases the rate of convergence of DGD to a
Maxwellian distribution. In practice, an emulator with polarization controllers is difficult
to build and control. Thus, our experimental implementation used rotatable connectors
that change the polarization orientations but not their relative phases.

DGD density functions were obtained using Monte Carlo simulations based on the
coarse step method. Figure 17(b) shows the DGD pdfs of 3- and 15-section PMD
emulators. The shape of the DGD density function converges to a Maxwellian pdf for
emulators with more than 10 sections of PM fiber. Figure 17(c) shows the worst case eye
diagram (with probability 0.001, a point in the tail of the distribution) of a 10 Gb/s signal
with 30 ps average DGD, for a real fiber and a 3-section PMD emulator. It is apparent
that a 3-section PMD emulator cannot reproduce realistic PMD degradation. We
numerically verified that with 15 sections of PM fiber, a Maxwellian pdf is achieved out
to 3 times the average DGD in the tail of the pdf.
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Figure 17. Simulation results. a) DGD distribution for a 3- and 15-section PMD emulator with a polarization
controller between each section (unequal lengths of PM fiber), b) with a polarization rotation between
each section, c) the worst case eye diagram (with probability 0.001) of a 10 Gb/s signal with 30 ps
average DGD, for a real fiber and a 3-section PMD emulator.

The experimental emulator was constructed using 15 sections of PM fiber connected
by rotatable-key connectors. Rotatable connectors allow the polarization axes of any two
adjacent fibers to be rotated with respect to each other. The length of the PM fibers were
chosen randomly, with an average of ~ 7 meters and a 20% Gaussian deviation. The beat
length of the PM fiber is ~ 3.1 mm at 1550 nm. Therefore, 15 sections of PM fiber
generates ~ 40 ps of PMD. The total loss of the emulator is 6 — 10 dB and varies with the
angles between the PM fiber sections. The loss can be made more uniform by careful
consideration of the connectors themselves. The polarization dependent loss was
measured to be less than 0.2 dB, and the DGD values were measured using the Jones
matrix method.
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Figure 18. a), b) Experimental results of DGD distributions of 3- and 15-section PMD emulators with
rotatable connectors at 1555 nm c¢) Simulation results of normalized second-order PMD magnitude for
the 3- and 15-section emulators.
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Figures 18(a) and (b) show the DGD density functions for 3- and a 15-section
emulators at a fixed wavelength of 1555 nm. 1000 samples were taken by randomly
rotating the angles between the fibers. The wavelength was swept over 1 nm with 0.02
nm steps for each set of angles to obtain a DGD pdf at 50 different wavelengths. Good
distributions were obtained at other wavelengths as well, and the average DGD was very
close to 40 ps at all wavelengths. As shown in figure 18(c), the 15-section emulator also
exhibits good second-order PMD statistics that closely match the ideal theoretical
distribution.
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Figure 19. Frequency autocorrelation function of PMD vector for a) 3- and 10-section PMD emulators with
unequal lengths of PM fibers (simulation), and b) a 15-section emulator with equal and unequal
lengths of PM fibers (simulation and experiment). Note the undesired periodicity that results when
equal-length sections are used.

In WDM systems, not only should the DGD pdf of each channel be Maxwellian, but
the PMD characteristics of channels separated by large frequencies should also be
statistically independent—i.e. the PMD vectors should be uncorrelated. For 40 ps of
PMD, a real fiber shows negligible correlation between PMD vectors when the spacing is
more than 0.2 nm. Figure 19 shows the autocorrelation function of the PMD vector for
emulators with 3, 10, and 15 sections. For a 15-section, unequal-length PMD emulator,
an average level of 10% correlation remains between well-spaced wavelengths. To avoid
periodicity in the autocorrelation function and to decrease the residual correlation, it is
preferable to employ unequal-length sections in PMD emulators. In addition, we
theoretically determined that the use of polarization controllers rather than rotators only
slightly reduces the residual correlation.

3.2 Emulator with Deposited Micro-Heaters for Thermally Tuned
Birefringent Sections

The use of polarization controllers or rotatable connectors between sections of PM
fiber proved to be cumbersome, lossy, and lacked automated control. To overcome these
issues, we constructed a 30-section, compact, all-fiber PMD emulator that uses an
integrated series of evaporated micro-heaters to thermally tune the birefringence of each
DGD section to accurately reproduce PMD statistics. This all-fiber design combined
with the use of a silicon V-groove array to mount the micro-heating elements enabled a
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compact, low loss emulator that is electrically controllable, has no moving parts,
negligible polarization-dependent loss (PDL), and no internal reflections.
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Figure 20. (a) Schematic diagram of the PMD emulator and (b) 2x rotation of the output state of
polarization due to the temperature dependence of the birefringence as a single heater element is tuned
from 0 to 6 V (two curves shown).

A schematic illustration of the emulator is shown in figure 20(a). Short sections of
FiberCore HiBi polarization maintaining optical fiber are fusion spliced together at 45°
angles as shown. The beat length of the fiber at 1550 nm is 4.1 mm. To produce an
accurate PMD distribution, 30 sections of unequal lengths were used. The average length
of each section was chosen to be ~6 meters with a 20% Gaussian deviation to obtain an
average DGD of 42 ps. E-beam evaporation was used to deposit 2.5 cm long thin-film
heaters near the center of each section.

Each heater is comprised of a 15 nm titanium layer for good adhesion to the glass and
a 120 nm gold layer for good thermal conductivity. To achieve a compact emulator
package, the fiber heaters were mounted on a 32-section silicon V-groove array with 1.25
mm spacing (see Figure 21(b)). The remaining two sections were used to build test
elements to characterize the temperature dependence of the DGD and output polarization
state of single PM fiber sections. A splice organizer tray houses the 171 meters of PM
fiber and splices. A 40-conductor ribbon cable was used to make electrical contact to
each of the 30 sections and the remaining 8 conductors were used as parallel return lines.
The individual elements were computer controlled using a 32-channel analog output card.
A photograph of the emulator is shown in figure 21. The measured loss of the emulator
is 3.6 dB including the input connector and 33 splices (29 PM splices at 45°, 2 splices to
SMF pigtails, and 2 PM splices to repair broken fibers). No PDL was seen using a
conventional power meter, indicating that the PDL is < 0.05 dB.

24



Figure 20(b) shows the variation in the output state of polarization as the birefringence
of one heater element is tuned to produce a 27m radian change. The temperature
dependence of the birefringence of this PM fiber was measured to be 0.75 rad/°C/meter.
This can be significantly increased by using a PM fiber with stronger temperature
dependence or by using longer heater sections (4 - 6 cm).
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Figure 21. (a) Photograph of the PMD emulator showing heater array, fiber splice tray, and ribbon cable for
control. (b) schematic illustration of the compact design with heaters mounted using a silicon v-groove
array.

To cycle through the PMD states of the emulator, a simple software program was used
to apply a set of 30 random voltages, chosen to achieve a uniform distribution of applied
powers, to the heater elements between DGD samples. Figures 22(a) and (b) show the
resulting first and second-order PMD distributions after taking 850 samples. It can be
seen that the statistics of the PMD emulator closely match the theoretical curves. Figure
22(c) depicts the frequency autocorrelation function of the emulator showing that the
PMD at different wavelengths has less than 20% correlation for channel spacings greater
than ~0.3 nm.
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Figure 22. Experimental PMD statistics of the emulator versus theory. (a) DGD distribution, (b) 2"*-Order
PMD distribution, (c¢) frequency autocorrelation function.
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3.3 Accurate reproduction of Maxwellian PMD statistics in a short
recirculating fiber loop

For the last decade, recirculating fiber loop testbeds have been powerful tools in the
research and development of medium-to-long-haul optical transmission systems. Under
most circumstances, these fiber loops are well behaved and can accurately replicate the
characteristics of a point-to-point fiber link. However, in the presence of non-negligible
polarization-dependent effects, specifically polarization mode dispersion (PMD),
conventional recirculating loops are inadequate. PMD is unique because it is a stochastic
process, whereas a recirculating loop exhibits some measure of deterministic behavior
that artificially produces an unrealistic PMD distribution that is skewed towards higher
differential group delays (DGD). Any testbed that does not accurately reproduce the tail
of the distribution will give erroneous results.

A recirculating fiber loop testbed that is only ~100 km long and yet accurately
replicates the true Maxwellian DGD distribution caused by PMD was demonstrated. A
single section of polarization-maintaining (PM) fiber and a lithium-niobate (LiNbOs3)
polarization controller was used which was synchronized to the electronic loop controller
circuitry. The tail of the power penalty distribution after 650 km transmission with an
average PMD of ~22 ps is close to that expected from a Maxwellian distribution of DGD.
Therefore, the modified loop testbed provided an efficient tool for investigating the
combined effects of fiber dispersion, nonlinearities, and PMD.

Figure 23 shows the experimental setup of a recirculating fiber loop that emulated
PMD for long distance data transmission. An external-cavity laser at 1556.7 nm was
externally NRZ-modulated with an electro-optic (EO) modulator at 10 Gbit/s.. The
dispersion-managed recirculating fiber loop consisted of three in-line EDFAs, 84 km of
single-mode fiber (SMF), and dispersion-compensating fiber (DCF) with dispersion of -
1348 ps/nm. The input powers to the SMF and DCF were adjusted to 2.0 dBm and -1.0
dBm. The PMD of the loop was emulated by a single section, PM fiber (DGD ~8.3 ps)
and a loop-synchronous LiNbOs polarization controller. The polarization transfer matrix
of the scrambler was controlled by six input voltages and set to a random state during
each loop period. These decorrelated polarization states were repeated after a certain
number of loops as determined by the loop control signal. This provided a virtual
increment of the length of the fiber loop in terms of the polarization state evolution along
the transmission fiber. At the output of the loop, an pre-amplifier EDFA was used
followed by a 1 nm bandwidth optical filter, for burst-mode bit-error-rate (BER)
measurements.

Figure 24 shows measured optical power distributions at 10° BER using the
recirculating PMD loop, both with and without inter-loop polarization decorrelation.
Figure 24(a) shows the optical power distribution using 500 independent polarization
samples taken by randomly changing the polarization states for 8-loop transmission. An
alternative configuration for the PMD loop was also investigated. In this case, the PMD
loop was replaced by a 15-section PMD emulator (average DGD ~8.9 ps) with three
polarization controllers. The results are shown in Figure 24(b). The optical power
distribution was taken by randomly changing the polarization coupling between 15-
section PMD emulator inside of the loop after 6-loop transmission. Since the average
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DGD of the emulator (~8.9 ps) was slightly larger than the average DGD of the a single
section PM fiber, the expected average DGD value after 6-loop transmission in this case
matched the expected DGD value after 8-loop transmission for the one-section PM fiber
loop. Figure 24(c) shows the optical power distribution after 8-loop transmission for 1000
independent polarization samples. In this case, in addition to randomly changing the
polarization states for each sample, the state-of-polarization was decorrelated after each
loop circulation. It is clear that the power distributions without inter-loop polarization
decorrelation have much longer tails than the distribution with inter-loop polarization
decorrelation, even if a multi-section PMD emulator is used inside of the loop. To
quantify the performance shown in Figure 24, the case of the loop without PMD was
measured , followed by a lumped 44 ps average DGD. The worst case power penalties for
6-and 8-loop transmission are about 4.5 dB and 4.7 dB. Based on these results, the
probability of a power penalty >4.5 dB (i.e., DGD >44 ps) would be about 32% for the
case shown in Figure 24(b), and the probabilities of a power penalty >4.7 dB (i.e., DGD
>44 ps) would be 31% and 0.5% for the cases shown in Figures. 24(a) and (c).
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Figure 24. Received optical power distributions at 10° BER using our loop. (a) 500 independent samples using one-
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Figure 25(a) shows the simulated increase in average DGD with the number of loops.
When there is no inter-loop decorrelation of polarization states, average DGD grows
almost linearly (solid circles) because of a strong polarization correlation between loops.
When inter-loop decorrelation of polarization is introduced by the loop-synchronous
polarization controller, average DGD grows as the square root of the number of loops
(open circles). The solid line shows the analytically expected growth of average DGD as
the number of loops increases. Figure 25(b) shows the deviation of the DGD distribution
from an ideal Maxwellian DGD distribution as the number of loops increases. The
normalized deviation (A) from a Maxwellian is calculated as the integrated absolute
difference between the simulated DGD probability density function (pdf) and a
Maxwellian pdf for each loop number. For a PMD loop without inter-loop polarization
decorrelation, the DGD distribution diverges significantly from a Maxwellian as the
number of loops increases. However, for a PMD loop with inter-loop polarization
decorrelation,

The DGD distribution converged to a Maxwellian as the number of loops increased.
This is because each loop can be considered as a single section PMD emulator with
random polarization coupling, and the DGD distribution will closely approximate a
Maxwellian distribution as the number of sections in the PMD emulator is increased, or
equivalently in our case, as the number of loops increased. Figure 25(c), (d), and (e) show
numerical results for DGD distributions with the recirculating fiber loop configurations
of Figure 24(a), (b), and (c). As shown in Figure 25(c) and (d), the distributions of DGD
after loop transmission without inter-loop polarization decorrelation deviate significantly
from a Maxwellian DGD distribution and had much longer tails, as was previously
explained. In Figure 25(e), the DGD distribution with inter-loop polarization
decorrelation closely approximated a Maxwellian DGD distribution. Also numerically the
power penalty distributions for the cases in Figure 24 was calculated, taking into
consideration the random distribution of the DGD and the power ratio between the two
principal states of polarization. The simulation predicted that the probability for the
power penalty to be greater than 4.5 dB for the case of Figure 24(b), and greater than 4.7
dB for the cases of Figure 24(a) and (c), are 20%, 21%, and 0.4%. These values agreed
reasonably well with the experimental results.
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Figure 25. (a) The increase in average DGD with the number of loops, and (b) the normalized deviation from a
Maxwellian DGD distribution as the number of loops increases (solid line shows expected average DGD), (c)
Simulated DGD distribution of PMD loop without inter-loop polarization decorrelation (one-section PM fiber with
pol. controller, 5000 independent pol. samples, 8 loop). (d) Simulated DGD distribution of PMD loop without inter-
loop polarization decorrelation (15-section PMD emulator with three PCs, 5000 independent polarization samples, 6
loop) (e) Simulated DGD distribution of PMD loop with inter-loop polarization decorrelation (one-section PM fiber
with pol. controller, 10000 independent pol. samples, 8 loop).

4. PMD Compensation

It is usually considered that the maximum tolerable PMD is between 10-20% of the bit
duration. Typical PMD values of installed fibers are greater than 1.5ps/\km, which limits
to a few 100km the transmission distance at 10Gb/s the maximum tolerable PMD value
without compensation is rapidly reached. To be able to operate at higher bit rates or
higher lengths, compensation or mitigation is required. The following projects were done
with regards to PMD compensation. A summary of each approach will be explained but
as the papers are attached to this report, only the WDM-PMD compensation using a
single module will be explained in detail.

- Simultaneous PMD compensation of multiple WDM channels using a single
compensator

Simultaneous PMD compensation for four 10 Gb/s WDM channels was demonstrated
using only one single module. The technique optimized overall system performance by
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reducing the channel fading probability. The 2% worst-case power penalty for the
combined channels in a system with ~42 ps average DGD was improved by over 4 dB.

- Enhanced Higher-Order PMD Compensation Using a Variable Time Delay
Between Polarizations

A simple model was introduced for a two-stage higher-order-PMD compensator that
has one fixed and one variable differential-delay stage. The results compared the outage
probability of the link with the two stage higher-order-PMD compensator and that of a
first-order compensator. The results show the comparison for different amounts of PMD
in the link and have shown that by using the two-stage higher-order-PMD compensator,
achieved tolerable PMD is 50% greater than that of a first-order compensator.

- Enhanced PMD mitigation using forward-error-correction coding combined with
a first-order PMD compensator

A significant increase in PMD tolerance using the combination of forward-error-
correction (FEC) with a first-order PMD compensator was experimentally demonstrated
and numerically verified. It was found that the PMD tolerance for 10 Gb/s systems can be
increased to more than 40 ps of average PMD by combining FEC with first-order PMD
compensation. Furthermore, it was shown that the system power margin for a
transmission link with 43 ps of PMD can be improved by ~7.5 dB, compared with using
only a first-order compensator.

- Intra-Bit Polarization Diversity Modulation (IPDM) for PMD Mitigation

A novel and straight forward intra-bit polarization diversity modulation (IPDM)
technique was proposed and demonstrated to mitigate the effects of first-order PMD. The
technique required only one feedback signal, was independent of the DGD of the optical
fiber link, and could operate at >kHz speeds. A unique, but simple, polarization-based
modulation format was used at the transmitter and a polarizer at the receiver to select the
channel power from only one polarization direction. In the transmitter, each bit was split
into two equal halves, with the first half transmitted at an orthogonal polarization to the
second half. This modulation format guaranteed that the optical power in the two fiber
PSPs be similar under almost all conditions. At the receiver, the first-order PMD effect
could be completely removed by selecting only one polarization direction using a
polarizer. This scheme had the same advantages of the published PST method, but its
response time was orders of magnitude faster.

It was shown that the power penalty induced by first-order PMD was limited to 3 dB
and independent of the DGD value of the fiber link. The 2% received optical power tail
for the IPDM method had a 4 dB improvement when compared to NRZ signals in the
presence of higher-order PMD.
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- Demonstration of In-Line Monitoring and Dynamic Broadband Compensation of
Polarization Dependent Loss

In-line monitoring and broadband compensation of PDL for four 10-Gbit/s WDM
signals was demonstrated. Monitoring and dynamic compensation was performed every
100 km along the 800-km link. In order to avoid the influence of EDFA transients,
monitoring was accomplished by using >20-kHz polarization scrambling on either: (i) the
data wavelength, or (ii) an ancillary wavelength. Compensation was performed by
gathering the monitored PDL and rotating two polarization controllers, each one
preceding a fixed PDL component. Using this method, the dynamic PDL compensator
reduced the 2% power penalty tail from 6.5 dB to < 2.0 dB in the presence of 14 ps
average PMD. Given the 0.2-ps of PMD in the EDFAs, the compensator can correct for
degradations over a wide 6-nm bandwidth. It should be emphasized that PDL
compensation is easier to perform periodically along a link, whereas PMD compensation
is easier to accomplish only once in a link, typically at the receiver.

Simultaneous PMD Compensation of Multiple WDM Channels Using a Single
Compensator:

4.1 Simultaneous PMD compensation of multiple WDM channels using a

single compensator

Simultaneous PMD compensation for four WDM channels using a single module that
is designed to optimize the overall performance of a group of channels by reducing the
highly-deleterious impact of the DGD distribution tails was demonstrated. We
experimentally showed that this simple yet powerful compensation technique, which uses
only a single photodetector and does not require demultiplexing of the individual
channels, significantly reduces the probability of channel fading in a WDM system with
four 10-Gb/s WDM channels and 42 ps of average DGD. For 1000 independent
measurements, the 2% worst-case value of the power penalty for the combined WDM
channels is reduced from 9.6 dB to 5.3 dB.

Several PMD compensators have previously been demonstrated for a single
wavelength channel. One critical limitation in all previously reported compensation
techniques is that each wavelength-division-multiplexed (WDM) channel would require
its own separate PMD compensator module, increasing both system cost and complexity.
An ideal multiple-channel first-order PMD compensator would generate PMD vectors
opposite to the PMD vectors of the transmission fiber at each channel wavelength. In the
high-PMD regime where PMD compensation becomes necessary, the correlation
bandwidth of the PMD vectors is less than the WDM channel spacing and the PMD
vectors are independent from each other. In this case, a single PMD compensator with a
fixed PMD vector cannot fully compensate for all WDM channels. However, as we show,
a single compensator can significantly decrease both the worst case power penalty and
the channel fading probability by optimizing over the entire group of WDM channels.

The effectiveness of our technique is based on the fact that it is highly unlikely that
two or more channels will be severely degraded at any given time. Figure 26 shows
simulation results of the power penalty corresponding to different DGD values. Note that
the power penalty for small DGD is negligible and only high DGD values generate
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significant power penalties. Additionally, from the Maxwellian distribution, it is apparent
that the probability of a large DGD value is very small. Moreover, even if the situation
does occur in which two channels both have a large DGD, the channels will be severely
degraded only if the state-of-polarization of each channel is somewhat orthogonal to its
own PMD vector. Therefore, it is highly unlikely that more than one channel will be
severely degraded at any given time.
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Figure 26. (Top) Due to the Maxwellian distribution of DGD, the probability is low that more than one
channel is degraded at any given time. (Bottom) The simulation results show the exponential increase in
power penalty with increasing DGD. Using our technique, the DGD of the worst channel is significantly
decreased, with a slight change in other channels.

Our compensation module is shown in Figure 27. The input to our module consists of
four equal-power 4-nm-spaced WDM channels. We used a multi-section PMD emulator
with rotatable connectors to provide a realistic 42 ps of PMD; the emulator produces
Maxwellian-distributed DGD with a PMD-vector autocorrelation function that closely
resembles that of real fiber. Compensation is provided by an electrically-controlled
polarization controller followed by a short length of polarization-maintaining (PM) fiber
that provides 30 ps of DGD. Following the PM fiber, a small portion of the WDM data
stream is tapped off and fed to a single photodetector.
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Figure 27. Our compensator uses a feedback signal derived from the combined channels in a WDM data
stream to simultaneously optimize system performance.

A portion of the high-frequency components of the combined WDM signal from the
photodetector is then mixed with itself to generate a signal that is proportional to the
overall RF power. This signal is then fed back to the polarization controller to increase
the detected RF power by optimizing the overall system performance, resulting in
increased eye openings for the WDM data streams.
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Figure 28. (a) Power penalty histogram for a typical WDM channel (channel #1) without and with compensation. (b)
Combined power penalty histogram for a four-channel WDM system without and with compensation. (c) Eye
diagram of each channel without and with compensation.
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Figure 28 shows the results of our power penalty measurements (1000 independent
measurements—250 per channel) for a typical channel (Figure 28(a)) and the combined
four WDM channels (Figure 28(b)). Each independent measurement corresponds to a
different emulator state. Note that simultaneous compensation of all WDM channels
reduces the probability of the highly-degraded tail events and decreases the worst case
power penalty by more than 4 dB. For the combined WDM channels, the 2% worst case
of the power penalty distribution tail for the channels is reduced from 9.6 dB to 5.3 dB.
Figure 28(c) shows one measurement of the eye diagram of the four channels before and
after compensation. Channel 4 has been improved significantly after compensation
without impacting the other channels. Although we reported the 2% worst case, we
emphasize that these results show definite trends for more demanding link outage
scenarios.

By using additional polarization controllers and PM fiber sections in series within the
compensator, additional degrees of freedom would allow generation of frequency
dependent PMD vectors, providing even more complete compensation of even greater
numbers of WDM channels.

5. PMD Monitoring

Since the birefringence of a fiber changes randomly along a fiber link and the state-of-
polarization of an optical signal changes with environmental conditions, PMD effects on
the data signal are stochastic and time varying. Therefore, any PMD compensator at a
receiver must track the degrading effects of PMD and dynamically adjust the amount of
compensation. Such tracking requires accurate monitoring of these >ms-time-scale
effects. The following several techniques have been proposed and tested under this grant
to monitor the PMD of the system and to be able to either electrically or optically
compensate for PMD. Each approach has it’s own advantages and disadvantages, but
since the papers explaining all the methods are attached in appendix A, only the Degree
of Polarization Method (DOP) (method 4) which seems to be the most promising
approach will be explained in more detail.

- Simultaneous PMD monitoring of several WDM channels using subcarrier tones

A novel and simple technique for simultaneous and independent PMD monitoring of
WDM channels in 10 Gbit/s systems was presented. A subcarrier tone was added to each
of the WDM channels using a 10% modulation depth (power penalty <0.3 dB). The
subcarriers had the same power but slightly different frequencies. It was shown through
statistical measurements that the subcarrier power fading due to PMD was strongly
correlated to the PMD-induced degradation on that channel. In the demonstration a single
module was used to monitor the PMD of two channels by tracking each channel’s
subcarrier tone power. This technique did not require any optical demultiplexing of the
WDM channels.
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- Simple bit-rate-independent PMD Monitoring for WDM Systems using a PDL
element

A simple bit-rate independent technique for PMD monitoring was proposed using a
PDL element which operated within a few milliseconds for a single channel, and could
accommodate many WDM channels by sweeping the optical filter across all channels.
This method utilized: (i) a polarization scrambler at the transmitter, and (ii) a
combination of a polarization scrambler, optical filter, and polarization-dependent-loss
(PDL) element at the receiver.

For a fixed position of the optical filter, the instantaneous differential group delay
(DGD) was measured for an individual channel. This monitor signal was generated by the
root-mean-square (RMS) value of the optical power that was fluctuating due to the
scrambling and subsequent passing through a PDL element. The instantaneous DGD
value of 0 to 70 ps was monitored for NRZ and RZ formats, and the monitor output was
used as a feedback signal for PMD compensation of a 10-Gb/s NRZ channel. For first-
order PMD compensators, this scheme can readily be adapted for much higher bit rates,
reduces the feedback control complexity, and significantly improves stability.

- PMD monitoring in WDM systems for NRZ data using a chromatic-dispersion-
regenerated clock

A dispersive element can be used at the receiver to regenerate a clock component for
NRZ data, and it was shown that this regenerated clock is very sensitive to PMD and can
be extracted to monitor PMD of an optical transmission link. Successful PMD
compensation at 10 Gbit/s using this regenerated clock power as a control signal was also
demonstrated.

- Wide-dynamic-range DGD monitoring by partial optical signal spectrum DOP
measurement

Degree of Polarization measurement to monitor PMD is already a well known
technique but in this project it is shown that by filtering the signal before the receiver
and then measuring the DOP (partial-optical-spectrum DOP measurement), the pulse-
width dependent DGD monitoring range is increased for 10, 20, and 40-Gbit/s RZ and the
sensitivity is increased for 10-Gbit/s NRZ signals. The monitoring range for 20 and 40-
Gbit/s RZ signals is extended to one bit time.

5.1 Wide-dynamic-range DGD monitoring by partial optical signal

spectrum DOP measurement

Several types of PMD monitors have been reported that measure PMD or data
integrity. However, the technique of measuring the signal's degree-of-polarization (DOP)
has the advantage of not requiring high speed circuit and is independent of the bit-rate.
Unfortunately, DOP measurements as a function of instantaneous DGD suffer from the
following crucial systems disadvantages: (i) there is a small DGD monitoring window
when measuring a short pulse return-to-zero (RZ) signal, and (ii) there is a lack of
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sensitivity when measuring a non-return-to-zero (NRZ) signal, and iii) the higher-order
PMD affects the DOP measurement for DGD. It would be highly desirable to have a
PMD monitor for which the DOP can be measured to obtain wide monitoring windows
and high sensitivity for both RZ and NRZ signals and low sensitivity to higher order
PMD.

We demonstrate a technique for measuring the signal's DOP as a function of DGD for
RZ signals such that the DGD monitoring range is dramatically enhanced. Using a
narrowband optical filter that is either centered at the carrier or on one of the signal's
sidebands, we change the detected DOP to get wider monitoring range or higher
sensitivity. For different pulse-widths at bit rates of 10, 20, and 40 Gbit/s, using our
technique, the monitoring range for 12.5-ps pulse 10, 20, and 40 Gbit/s RZ signals are
increased by 32, 33, and 12 ps, respectively. Moreover, the monitoring range of 25-ps
pulse 20 Gbit/s RZ signals is extended from 26 ps to 45 ps.

Pulse width modification for DOP-based PMD monitoring

While a signal's DOP has been shown to be related to the PMD of an optical link,
making it a convenient monitoring tool, the usefulness of this technique when applied to
varied pulse-width RZ systems is not well understood. The DOP of a signal at the
receiver depends on the DGD of the system, the polarization splitting ratio, and the signal
pulse width. As the width of an RZ pulse decreases, the DGD monitoring range provided
by DOP monitoring decreases as well. The case when the polarization splitting ratio is
equal to 50% (equal optical power in each polarization state, or polarization scrambling at
the transmitter), is shown in Figure 29(a) for varying pulse widths. This figure shows
that the DOP reaches its first minimum value when the DGD is equal to the pulse width.
Thus, a DGD monitor utilizing DOP measurement suffers a reduction in its DGD
monitoring window as the pulse width decreases (for example, in a short-pulse RZ
system).
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Figure 29. (a) The effective DGD monitoring window is limited to the pulse width of the RZ signal. (b)
Narrowband optical filtering can increase the DGD monitoring window by broadening the pulse in the
time domain.
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One solution that can enhance the DGD monitoring windows in short-pulse systems is
broadening the optical pulse in the time domain, which moves the first DOP minimum to
a higher DGD value. This concept is illustrated in Figure 29(b). This is achieved
through the use of a narrowband optical filter that can be centered on either the carrier or
the first optical clock component. As multiplication in the wavelength domain
corresponds to convolution in the time domain, a sufficiently narrowband optical filter
(with a broad time domain response) can be used to broaden a pulse in time via
convolution. Simulation results for this system are shown in Figure 30 for varying bit
rates and pulse widths. The width of the filter is an important parameter when utilizing
this technique - too narrow a filter results in too little optical power and lower sensitivity,
while too wide a filter (with a shorter time response) reduces the pulse broadening that is
key to this technique. Our simulations show the ideal filter bandwidth to be 0.8*R,,
where Ry, is the bit rate of the system. As seen in Figure 30(a) and (b), side band filtering,
i.e., by centering the narrowband optical filter at the first optical clock sidebands (either
upper or lower), results in a near-doubling of the DOP sensitivity for PMD monitoring in
40 and 10 Gbit/s NRZ systems without affecting the monitoring windows. Figure 30(c)
and (d) show that center and sideband filtering results in 25 and 50 ps increases in the
monitoring windows in 40 and 10 Gbit/s RZ systems, respectively, corresponding to bit-
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Figure 30. (a),(b) Sideband filtering results in a near-doubling of the DOP sensitivity for PMD monitoring in 40
and 10 Gbit/s NRZ systems without affecting the monitoring windows. (c),(d) Center and sideband filtering
results in 25 and 50 ps increases in the monitoring windows in 40 and 10 Gbit/s RZ systems, respectively,
corresponding to bit-time-length DGD monitoring windows.

In addition, when the narrowband optical filter is centered on the RZ carrier, the
resulting DOP values are much less sensitive to higher-order PMD, as the filtered signal
includes only optical frequency components that experience similar PMD vectors.

40, 20, 10-Gbit/s Systems Experiments

Figure 31(a) shows the experimental setup of a 10, 20, and 40-Gb/s system with
varying pulse widths. The 10 Gbit/s RZ data (2-1 PRBS) with 50% duty cycle is first
generated using two cascaded electro-optic modulators. The pulse width is then
compressed to 12.5 ps and 25 ps by adjusting the amplitude of a phase
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Figure 31. (a) Experimental setup of a 10, 20, and 40 Gbit/'s OTDM system with 12.5 and 25 ps RZ pulse widths
obtained by changing the bias voltage on the phase modulator. (b) The DGD monitoring system setup using the
narrowband optical filter and polarimeter.

modulator followed by a spool of single-mode-fiber (SMF) with a dispersion value of 80
ps/nm. A two-stage optical multiplexer is used to generate 20 Gbit/s and 40 Gbit/s data
stream. After the transmitter, a variable DGD element is used to generate varying
amounts of first-order PMD by aligning the input polarization state to provide equal
power to the fast and slow axes of the DGD element. The PMD monitoring configuration
is shown in Figure 31(b). A narrowband tunable optical filter is used to filter out a partial
optical spectrum from the signal. The bandwidth of the filter depends on the data rate,
e.g. 0.28 nm, 0.12 nm and 0.28 nm for 10, 20, and 40 Gbit/s, respectively. A polarimeter
is used to gather the DOP information of the monitoring signal, and an the optical
spectrum analyzer (OSA) is used for spectrum analysis.

The measurement results for different pulse widths in different bit rate systems are
shown in Figure 32 (a)-(d). As we can see that, for 12.5-ps pulse widths, the narrowband
optical filtering technique increases the DGD monitoring windows by at least 12 ps, 33
ps, and 32 ps for 40, 20 and 10 Gbit/sec signals. For 25-ps pulse widths, the dynamic
range increases by 20 ps for 20-Gbit/s signals.
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Figure 32. The narrowband optical filtering technique increases the DGD monitoring windows in (a) 40

Gbit/sec 12.5 ps pulse RZ systems by at least 12 ps, in (b) 20 Gbit/sec 12.5 ps pulse RZ systems by 33 ps,
(c) 20 Gbit/s 25 ps pulse RZ systems by 20 ps, and (d) 10 Gbit/sec 12.5 ps pulse RZ systems by 32 ps.
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the two PDL elements. In such a loop this ran-
domization could be easily achieved with a num-
ber of commercially available devices.

Conclusion

In conclusion, the measured and modeled Q fac-
tor distribution in a 107 km recirculating loop
was significantly different from that of the long
straight-line systems where the fibers environ-
ment is not static. We show that by randomizing
the polarization between multiple PDL elements
one can achieve a Q distribution that is more like
that of a straight-line system.
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Recirculating Fiber Loop
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1. Introduction

Polarization mode dispersion (PMD) has
emerged as a critical issue for the deployment of
high bit-rate systems over the installed fiber in-
frastructure. PMD is unique because it is a sto-
chastic, dynamically changing process.' Extensive
research efforts have been made on PMD com-
pensation in recent years. Reported experiments
of PMD compensation are using either PMD
emulators or in-ground fiber links to generate
PMD.>” However, lumped PMD emulators can-
not correctly taken into account the combined
effect of fiber nonlinearity and PMD, while field
trials lack flexibility for research. Because the sto-
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chastic behavior of PMD can vary from fiber to
fiber, ensuring that a specific field-trial result will
be applicable for different links is problematic.

Recirculating fiber-loop testbeds have been
powerful tools in the research and development
of optical transmission systems. Conventional
recirculating loops, however, are inadequate in
the presence of non-negligible PMD, because a
recirculating loop exhibits some measure of peri-
odic behavior that artificially produces an unre-
alistic PMD distribution that is skewed towards
higher differential group delays (DGD). Our so-
lution to this problem is to employ loop-syn-
chronous polarization scrambling.? However, the
effectiveness of this technique for the investiga-
tion of PMD compensation is yet to be verified.

In this paper, PMD compensation following a
10-Gb/s, 8 x 82-km recirculating fiber loop is
demonstrated. We use a simple PMD compen-
sator comprised of a polarization controller fol-
lowed by a polarization-maintaining (PM) fiber
with 42-ps DGD. For this system, with an average
PMD of 27 ps, the bit-error-rate (BER) distribu-
tion tail at 5% probability can be reduced from
107 to 1078 after PMD compensation, with the
received power fixed at the level corresponding to
a 10~ BER without PMD.

2. Experimental Setup

Fig. 1 shows the experimental setup. An external
cavity laser at 1557 nm is NRZ-modulated at 10
Gb/s (2'° - 1 PRBS). The dispersion-managed re-
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circulating loop consists of three EDFAs operat-
ing in the saturated regime, 82 km of single-mode
fiber (SMF), and 12 km of dispersion-compensat-
ing fiber (DCF) with a chromatic dispersion of
—1348 ps/nm. The input powers to the SMF and
DCEF are fixed at 3.0 dBm and —~1.0 dBm, respec-
tively. In order to replicate the Maxwellian PMD
statistics, a loop-synchronous LiNbO; polariza-
tion controller (PC) and a section of PM-fiber are
used inside the loop. The polarization transfer
matrix of the LINbO; PC is controlled by six in-
put voltages and can be set to a random state dur-
ing each loop period. These decorrelated polar-
ization states are repeated after a certain number
of loops as determined by the loop control cir-
cuitry. We use 8 passes through the loop, corre-
sponding to about 650-km transmission. The
PM-fiber inside the loop has a DGD of 10.2 ps, so
the average DGD after 8 loops is about 27 ps. The
PMD compensator can be automatically adjusted
by maximizing the RF power of the photo-detect-
ed signal within a limited bandwidth (4.5~8.5
GHz).

3. Results and Discussion

Fig. 2 shows the histograms of the BER measured
for 300 statistically independent samples with the
received optical power fixed at —16.5 dBm, which
is the receiver sensitivity at 10~ BER after 650-
km transmission without the 10.2-ps PM-fiber
inside the loop. The BER tail of 300 samples ex-
tends to 10~ without PMD compensation,

PM Fiber
~42 ps

CFE5 Fig.1. Setup of PMD compensation experiment using recirculating fiber loop with loop-syn-

chronous polarization scrambling.
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bution of BER.

Cumulative probability distri-

whereas the BER after automatic PMD compen-
sation is reduced to less than 1077.

Furthermore, the cumulative probability dis-
tributions of the above BER results are shown in
Fig. 3. For an average PMD of 27 ps, the BER dis-
tribution tail at 5% probability decreases from
107 to 10 using PMD compensation. The cor-
responding power penalty can be reduced from
about 3dB to 1 dB.

Although our experiment is done for a typical
compensator, the recirculating fiber loop can be a
flexible tool for the research and development of
other PMD mitigation technologies. We may also
use the fiber loop to emulate the fast, stochastic
variation of PMD, so as to evaluate the dynamic
tracking performance of an adaptive PMD com-
pensator. We expect our fiber-loop testbed to be
an effective tool for investigating the combined
effects of dispersion, nonlinearity, and PMD on
high-bit-rate systems.
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Influence of polarization-mode dispersion
on soliton interaction In dispersion-
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Recent studies of dispersion-managed (DM)
solitons have shown that the DM soliton pulse
can withstand the pulse broadening due to the
polarization-mode dispersion (PMD), and that
the single pulse can propagate stably even under
the influence of the PMD."? In most of DM soli-
ton systems, however, the transmission distance
is limited by the soliton interaction, and hence
the behavior of the soliton interaction under the
influence of the PMD seems to be rather impor-
tant. In this paper, we numerically investigate the
influence of the PMD on the soliton interaction.
We show that the PMD could either enhance or
reduce the soliton interaction depending on the
distribution of the fiber birefringence, and that
the transmission performance is improved by the
PMD in certain cases.

One period of the DM link used in the nu-
merical simulation consists of a 50-km disper-
sion-shifted fiber and a 3-km single-mode fiber,
whose dispersion values are —0.9 and 15.7
ps/nm/km, respectively. The average dispersion is
0.07 ps/nm/km. A 7-ps DM soliton pulse can be

transmitted stably when the pulse energy is 0.12-
0.25 pJ in this DM link. These parameters are the
identical to those used in the 40-Gbps DM soli-
ton transmission experiment.?

We assume that the transmission fiber has a
linear birefringence with the group-delay differ-
ence of polarization components, AB, and the
birefringence axes are rotated at every correlation
length, L. If the rotation angle is chosen ran-
domly, this model follows the standard technique
used in previous studies.>>*

To grasp the influence of the PMD on the soli-
ton interaction, we calculate the pulse propaga-
tion in two ideal conditions: (A) the case when
the rotation angle of the birefringence axes is
zero, i.e., the completely linear birefringent fiber
link, and (B) the case when the rotation angle is
90 degrees, i.e., the birefringence axes alternate at
interval of L.,,. In both cases, the launched pulse
is a 7-ps Gaussian pulse with the energy of 0.175
pJ/pulse, and has a linear polarization oriented
by 45 degrees with respect to the principle axis.

Figure 1(a) shows that the evolution of the
waveform when a single pulse is launched into
the link with AP = 0.032 ps/km in case (A). It is
clearly seen that the DM soliton can maintain the
single peak pulse though the differential group
delay accumulates as the pulse propagates.

Although the single DM soliton pulse can
overcome the accumulation of the DGD, the
fiber birefringence significantly modifies the be-
havior of the soliton interaction between pulses.
Figures 1(b) and (c) show the evolution of two
pulses with separation of 25 ps when Ap = 0 and
0.032 ps/km, respectively. When A = 0, the two
pulses attract each other as the pulse propagates,
and the pulse separation narrows down to 18 ps
at the distance of 1590 km. (We call the distance
at which the pulse separation becomes narrower
than 70% of the bit interval the collision distance.
It roughly corresponds to the transmission dis-
tance for bit error rate = 10~.%) On the contrary,
when AB = 0.032 ps/km, the collision distance is
reduced to 1378 km. This is because the pulse
separation between the slow axis component of
the front pulse and the fast axis component of
the backward pulse is always kept narrower than
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Evolutions of the waveform in ideal DM transmission links. Figures (a) shows the prop-

agation of the solitary pulse in the linear birefringent fiber link with AB = 0.032 ps/km. Figures (b)-(d)
show the propagation of a pulse pair (b} in zero PMD fiber link, (c) in the linearly birefirengent fiber link
and (d) in the linearly birefringent fiber link whose polarization axis is periodically rotated by 90 degree,

respectively.
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All-optical remote location of high polarization mode
dispersion fiber spans using stimulated Brillouin Scattering

S. Lee and ' A. E. Willner
Dept. of Electrical Engineering- Systems
University of Southern California
Los Angeles, CA 90089-2565
(213) 740-1488, fax: (213) 740-8729 sanggeon@scf.usc.edu

Polarization mode dispersion (PMD) has emerged as a key limitation in high-speed and long-distance
fiber communication systems. This is particularly true due to the unusually high PMD values of many
sections of fiber installed prior to the mid 1990's. Although present-day fibers have PMD values ~0.1
ps/kmm, isolated spans of older installed fiber can have values ranging from 1 to as high as 10 ps/km”z.
These older fibers were never tested for their PMD values, and system integrators must locate them in
order to design around such high-PMD fiber spans since their location within a much longer link is
unknown. Therefore, it would be highly advantageous to have an all-optical technique that can remotely

determine the location and magnitude of a high-PMD fiber span.

One method that has been reported for determining the location and magnitude of high PMD fiber is
to launch a high-power pulse at different wavelengths into a long-distance fiber link and analyze Rayleigh
back-scattering [1]. This technique uses a tunable laser, a MHz optical modulator, an OTDR, and a PMD
analyzer or inline polarizer to examine the Rayleigh back-scattered pulse. Although the results are
accurate, the optical hardware required is fairly complex and expensive, making it difficult to implement
for field use.

We report a method for an all-optical remote locator of high PMD fiber spans using stimulated
Brillouin scattering (SBS). Both the length of the high PMD fiber span and the magnitude of PMD itself
can be inferred from the slope change of the reflected SBS pulse. The optical hardware required in the
field to measure the reflected SBS pulse is much simpler than what was previously reported and includes
only an oscilloscope, a kHz optical modulator, and a standard DFB laser. Our results show sufficiently
accurate readings for spans as short as 5 km and having PMD values as low as ~1 ps/km'?. Advantages
of our method include: (a) simpler hardware field requirements and (b) lower required laser power due to
SBS amplification versus Rayleigh attenuation.

Stimulated Brillouin scattering has been used as an all-optical sensor for environmental perturbations
(i.e. temperature[2], strain[2], and stress[3]) in optical fiber. And, SBS gain changes due to fiber
nonuniformites [4]. Since PMD is closely related to all of these changes, SBS can be used to monitor and
locate an installed fiber span with high PMD values. Fig. 1 shows the conceptual diagram for SBS gain
spectrum changes due to PMD. Fiber spans 1 and 3 have low PMD values and have almost uniform SBS
gain spectra if fiber losses are not considered. But, fiber span 2 has a perturbed SBS gain spectrum due to
PMD induced by external perturbation; such as stress change. To emulate controllable high PMD
conditions, ~ 4.5 km of single mode fiber (SMF) is laid in adjacent non overlapping layers on a 1.2 m
long plate and external stress is applied. Using a PMD analyzer (3 Stokes parameter method), changes in
PMD and loss due to stress are monitored. Without stress, the average PMD is about 0.061 ps, which
changes to 0.93 ps when stress is applied. Loss due to external stress is maintained less than 0.15 dB
through out the entire process.
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Our experimental setup for location of high PMD fiber spans is shown in Fig. 2. The external cavity
tunable laser is amplified using an EDFA and modulated using an acousto-optic modulator to get ~ 530
us square pulses. These pulses are slightly longer than round trip delay of the of fiber span, to provide
amplification of the SBS which is generated at the end of the fiber span. These square pulses are input to
the 51.5 km SMF fiber span that consists of 29 km SMF, 4.5 km SMF with controllable stress, and 18 km
SMF. The reflected SBS is tapped using a 90/10 coupler and monitored using a low-speed photodetector
and an oscilloscope. PMD values over both entire 51.5 km SMF span and the 4.5 km isolated span under
stress are measured with a PMD analyzer and a tunable laser by scanning the wavelength from 1500 nm
to 1580 nm.

530 ps

Pulse
_—_’J_—I‘___ Generator

—— Optical Path
weme=  Electrical Path

PC
Tunable LD Mod

EDFA

OSC

PD

PMD Analyzer

Fig. 2. Experimental setup for high PMD location using SBS.

Fig. 3 shows measurements of the average value of PMD of the 51.5 km span and the 4.5 km span
under variable stress. Without stress or with very small stress, the overall PMD value is around 0.36 ps
which is mostly determined by the 29 km and 18 km SMF spans. By applying more stress, the overall
PMD values goes up to 1.0 ps (278 % change from original value) and this value is dominated by the 4.5
km SMF span under stress. The dotted line shows the expected PMD values, calculated as the square root
of the sum of the squared PMD values. The measured data matches well the expected values.

Fig. 4(a) shows the oscilloscope trace of the reflected SBS from the entire SMF span at an input
wavelength of 1549.59 nm and average optical power of 7.59 dBm. The input optical power is adjusted so
as not to saturate SBS through the whole fiber span, and to give a gradual increment in SBS pulse power
over time. The trace is shown with 64 times averaging using an oscilloscope. SBS is generated and
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Fig. 3. Total PMD of 51.5 km span vs. average PMD of 4.5 km span under different stress (dotted line shows
the expected PMD calculated as the square root of the sum of the squares of the PMD values).

amplified in the backward direction by the forward optical pump. Thus, SBS power increases as more of
the input pulse enters the fiber and then decreases abruptly as the tail of the pulse leaves the input of the
fiber. The slope of the SBS pulse changes at the 4.5 km span corresponding to the different PMD values
(0.43 ps and 0.91 ps in our case) in that span caused by different stress. The position and the magnitude of
the slope change gives information about the location of a high PMD fiber span and the related PMD
value. The slope of the scope trace in a time interval of 10 us is calculated and shown in Fig. 4(b). A 10
s time interval corresponds to about 1 km of fiber because the roundtrip propagation time (sum of
propagation time of the input optical pump and propagation time of reflected SBS) is needed. In this
figure, it is very clear to see the slope change due to PMD changes. After the high PMD fiber span, the
slopes return to almost the same values as before the high PMD fiber span. The dip is roughly
proportional to the PMD values and the location is clearly indicated.
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Fig. 4. (a) Oscilloscope trace of reflected SBS at input wavelength of 1549.59 nm and optical power of 7.59
dBm, and (b) Calculated slope change of reflected SBS for different PMD values in a 4.5 km SMF span.
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A short recirculating fiber loop testbed with accurate
reproduction of Maxwellian PMD statistics -
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Abstract: A short recirculating fiber loop (~100 km) that can emulate PMD with Maxwellian
statistics is realized by loop-synchronous polarization scrambling inside the loop. The
performance of our distribution-correct PMD loop is compared both experimentally and
numerically to that of a distribution-incorrect PMD loop.

©2000 Optical Society of America
OCIS codes: (060.2330) Fiber optics communications; (060.2360) Flber optics links and subsystems

1. Introduction

For the last decade, recirculating fiber loop testbeds have been powerful tools in the research and development of
medium-to-long-haul optical transmission systems [1]. Under most circumstances, these fiber loops are well
behaved and can accurately replicate the characteristics of a point-to-point fiber link. However, in the presence of
- non-negligible polarization-dependent effects, specifically polarization mode dispersion (PMD), conventional
recirculating loops are inadequate. PMD is unique because it is a stochastic process, whereas a recirculating loop-
exhibits some measure of deterministic behavior that artificially produces an unrealistic PMD distribution that is
skewed towards higher differential group delays (DGD) [2]. :

" PMD has emerged as a critical challenge for deploying high bit-rate systems (>10 Gbit/s/channel). To first order,
PMD can be represented by a DGD between the two principal states of polarization. For a fixed PMD, the DGD is a
random variable that has a Maxwellian probability density function. A critical aspect of investigating PMD induced
penalties is to account for the low probability but high degradation tail of this distribution. Any testbed that does not
accurately reproduce the tail of the distribution will give erroneous results.

We demonstrate a recirculating fiber loop testbed that is only ~100 km long and yet accurately replicates the true
Maxwellian DGD distribution caused by PMD. Our straightforward method uses a single section of polarization-
maintaining (PM) fiber and a lithium-niobate (LiNbOs) polarization controller that is synchronized to the electronic
loop controller circuitry. The tail of the power penalty distribution after 650 km transmission with an average PMD
of ~22 ps is close to that expected from a Maxwellian distribution of DGD. Therefore, our modified loop testbed
provides an efficient tool for investigating the combined effects of fiber dispersion, nonhneantles and PMD.

2. Experimental Setup

Fig. 1 shows the experimental setup of a recirculating fiber loop that emulates PMD for long distance data -
_ transmission. An external-cavity laser at 1556.7 nm is externally NRZ-modulated with an electro-optic (EO)
modulator at 10 Gbit/s. Our dispersion-managed recirculating fiber loop consists of three in-line EDFAs, 84 km of
single-mode fiber (SMF), and dispersion-compensating fiber (DCF) with dispersion of -1348 ps/nm. The input
powers to the SMF and DCF are adjusted to 2.0 dBm and -1.0 dBm. The PMD of the loop is emulated by a single_'
section, PM fiber (DGD ~8.3 ps) and a loop-synchronous LiNbO; polarization controller. The polarization transfer
matrix of the scrambler is controlled by six input voltages and set to a random state during each loop period. These
decorrelated polarization states are repeated after a certain number of loops as determined by the loop control signal.
This provides a virtual increment of the length of the fiber loop in terms of the polarization state evolution along the
transmission fiber. At the output of the loop, we use an EDFA pre- -amplifier followed by a 1 nm bandwidth optical
filter, for burst-mode bit-error-rate (BER) measurements.
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3. Experlmental Results '

Fig. 2 shows measured optical power distributions at 10 BER using our recirculating PMD loop, both with and
without intet-loop polarization decorrelation. Fig. 2(a) shows the optical power distribution using 500 independent
polarization samples taken by randomly changing the polarization states for 8-loop transmission. An alternative
configuration for the PMD loop is also investigated. In this case, the PMD loop is replaced by a 15-section PMD
“emulator (average DGD ~8.9 ps) with three polarization controllers and the results are shown in Fig. 2(b). The
optical power distribution is taken by randomly changing the polarization coupling between 15-section PMD
emulator inside of the loop after 6-loop transmission. Since the average DGD of the emulator (~8.9 ps) is slightly
larger than the average DGD of the a single section PM fiber, the expected average DGD value after 6-loop
transmission in this case matches the expected DGD value after 8-loop transmission for the one-section PM fiber
loop. Fig. 2(c) shows the optical power distribution after 8-loop transmission for 1000 independent polarization
samples. In this case, in addition to randomly changing the polarization states for each sample, the state-of-
polarization is decorrelated after each loop circulation. It is clear that the power distributions without inter-loop
polarization decorrelation have much longer tails than the distribution with inter-loop polarization decorrelation,
even if a multi-section PMD emulator is used inside of the loop. To quantify the performance shown in Fig. 2, we
measured the case of the loop without PMD, followed by a lumped 44 ps average DGD. The worst case power
penalties for 6-and 8-loop transmission are about 4.5 dB and 4.7 dB. Based on these results, the probability of a
power penalty >4.5 dB (i.e., DGD >44 ps) is about 32% for the case shown in Fig. 2(b), and the probabilities of a
power penalty >4.7 dB (i.e., DGD >44 ps) are 31% and 0.5% for the cases shown in Figs. 2(a) and (c).
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Fig. 2. Received optical power distributions at 10° BER using our loop. (a) 500 independent sampies using one-section PM
fiber without inter-loop polarization decorrelation. (b) 500 independent samples using a 15-section PMD emulator without
inter-loop polarization decorrelation. (c) 1000 independent samples using one-section PM fiber with inter-loop polarization
decorrelation. )

4. Numerical Simulations and Dlscusswn

Fig. 3(a) shows the simulated increase in average DGD with the number of loops. When there is no inter-loop
decorrelation of polarization states, average DGD grows almost linearly (solid circles) because of a strong
polarization correlation between loops. When inter-loop decorrelation of polarization is introduced by the loop-
synchronous polanzatlon controller average DGD grows as the square root of the number of loops (open circles).
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_The solid line shows the analytlcally expected growth of average DGD [3] as the number of loops increases. Fig. 3
‘(b) shows the deviation of the DGD distribution from an ideal Maxwellian DGD distribution as the number of loops
increases. The normalized deviation (A) from a Maxwellian is calculated as the integrated absolute difference
between the simulated DGD probability density function (pdf) and a Maxwellian pdf for each loop number. For a
PMD loop without inter-loop polarization decorrelation, the DGD distribution diverges significantly from a
Maxwellian as the number of loops increases. However, for a PMD loop with inter-loop polarization decoirelation,
the DGD distribution converges to a Maxwellian as the number of loops increases. This is because each loop can be
considered as a single section PMD emulator with random polarization coupling, and the DGD distribution will
closely approximate a Maxwellian distribution as the number of sections in the PMD emulator is increased [4], or
equivalently in our case, as the number of loops increases. Fig. 3(c), (d), and (e) show numerical results for DGD
distributions with the recirculating fiber loop configurations of Fig. 2(a), (b), and (c). As shown in Fig. 3(c) and (d),
the distributions of DGD after loop transmission without inter-loop polarization decorrelation deviate significantly
from a Maxwellian DGD distribution and have much longer tails, as was previously explained. In Fig. 3(e), the
DGD distribution with inter-loop polarization decorrelation closely approximates a Maxwellian DGD distribution.
We also numerically calculate the power penalty distributions for the cases in Fig. 2, taking into consideration the
random distribution of the DGD and the power ratio between the two principal states of polarization. Our simulation
predicts that the probability for the power penalty to be greater than 4.5 dB for the case of Fig. 2(b), and greater than
4.7 dB for the cases of Flg 2(a) and (c) are 20%, 21%, and 0.4%. These values agree reasonably well with our
expenmental results.
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Fig. 3. (a) The increase in average DGD with the number of loops, and (b) the normalized deviation from a Maxwellian
DGD distribution as the number of loops increases (solid line shows expected average DGD), (c) Simulated DGD
distribution of PMD loop without inter-loop polarization decorrelation (one-section PM fiber with pol. controller, 5000
independent pol. samples, 8 loop). (d) Simulated DGD distribution of PMD ‘loop without inter-loop polarization
decorrelation (15-section PMD emulator with three PCs, 5000 independent polarization samples, 6 loop) (e) Simulated
DGD distribution of PMD loop with mter-loop polarization decorrelation (one-secuon PM fiber with pol. controller, 10000
independent pol. samples, 8 loop).
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1. Introduction

Polarization-mode-dispersion (PMD) is considered a key limitation in =10-Gbit/s/channel transmission
systems due to the high’PMD fiber (1-100 ps/km®®) that had been deployed throughout the 1980's and
early 1990's. In general, PMD is caused by the different speeds of the two states-of-polarization (SOPs) as
they propagate along a fiber having a slow and fast axis. Since the state-of-polarization of a signal
changes randomly along a fiber link, PMD is a random quantity. To the first order, PMD can be
compensated by delaying one state-of-polarization with respect to the other; this is more accurately
known as differential group delay although we will refer to it as PMD for this paper. Because PMD can
change for both dynamically reconfigurable networks in which the paths change and also for a point-to-
point link in which the polarization states vary due to temperature ﬂuctuatlons, it would be quite
beneficial to have an adjustable PMD compensator.

All-optical PMD compensation techniques that allow for periodic in-line use of PMD compensation in
a long distance link include: (a) splitting the signal into two orthogonal polarization directions and
delaying one of the polarization components relative to the other using free-space optics[1], a technique -
that may be cumbersome, and (b) temperature tuning short lengths of highly-birefringent polarization
maintaining (PM) fiber [2], a method that may have limitations in speed, tunability and flexibility.
Previously, we reported using a tunable nonlinearly-chirped fiber Bragg grating (FBG) [3] written into a
high-birefringence fiber to compensate for varying amounts of PMD [4, 5]. The high-birefringence fiber
provides a different time delay for different states-of-polarization, and the nonlinear chirp of the grating
provides the selectability of varying amounts of differential polarization time delay when the FBG is
stretched. This all-fiber method showed good performance for a 10 Gb/s signal with 175 ps of
- adjustability. Unfortunately, the nonlinearly-chirped FBG, by its very nature, induces a chirp into the
PMD-compensated signal. This chirp may limit the dlstance of transmission after the compensator due to
the fiber chromatic dispersion.

We demonstrate chirp-free tunable PMD compensation for a 10-Gbit/s signal by using an adjustable
high-birefringence nonlinearly-chirped (HN) FBG in a novel dual—pass configuration that significantly
reduces the induced chirp of the FBG. In order to eliminate the chirp of the FBG, the signal passes
through the high-reflectivity grating from one direction and then passes again through the same grating
from the opposite direction, with the second pass negating the induced chirp of the first pass. We show
PMD compensation with tunability from 250-600 ps in which the power penalty due to fiber dispersion in
a 45-km link interacting with the FBG induced chirp is reduced from 4.0 to 0.5dB. Additionally, this
configuration provides twice amount of the PMD compensation and the tunability because the signal
passes twice through the same high-reflectivity grating,

2. Dual-Pass Configuration

As described in [3], when the input optical signal is reflected by an HN-FBG, this grating can give a time
delay At= 2nALeff/c between the two polarization directions. However, this method also induces some
chromatic dispersion because: of the chirp of the HN-FBG. Figure 1(a) shows the arrangement of our
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dispersionless PMD compensator. By using a symmetric structure, the incoming signal is reflected twice
by the same HN-FBG. Figure 1(b) shows the operational principle. After the first reflection from the HN-
FBG, the optical signal passes through a polarization rotator, which is used to rotate the polarization state
by n/2 and then switch the propagation axis of the second reflection in the FBG. The fast axis polarization
state has smaller time delay than the slow axis polarization state when the signal enters the FBG from the
long-A port, but the slow axis polarization state will have smaller time delay when the signal enters from
the short-A port. Consequently, by properly controlling the polarization states, the dual-pass scheme can
double the time delay between the two polarization states. This time delay can be used to realize the PMD
compensation. Moreover, due to the fact that the chromatic dispersion depends upon the incident port of
the FBG, when the optical signal enters into long-A port (or short-A), and then is reflected, the dispersion
is negative (or positive), so any chirp that the signal acquires due to the first reflection off the grating is
canceled by the second reflection off the grating(see Fig.1 (b)). As a result, the undesired chromatic
dispersion induced by the chirped grating is significantly reduced.
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Fig. 2. (a) Reflection spectrum of two polarization states.  (b) Reflected time delay of two polarization states for single path
(enter into different ports of FBG).  (c) The time delay for dual-path setup. (d) DGD of single and dual path. .

We write the HN-FBG through a nonlinearly chirped phase mask. The bandwidth of this grating is
1547-1550nm. Figure 2(a) is the reflection spectrum. Figure 2 (b) shows the time delay of fast and slow
axis after only one reflection (single path), (c) is the time delay curve of dual path, and (d) is the measured
DGD curve of single and. dual paths. These figures indicate that the time delay between the two
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polarization states ranges from 120ps to 300ps for single-path, but for the dual-path scheme the time
delay (also the tuning range) is from 250ps to 600ps (see Fig.2 (d)). Meanwhile, the dual-path method
also has much lower chromatic dispersion (< 100ps/nm) (see Fig. 2 (c)), while the single-path method
gives larger dispersion (600ps/nm)(see Fig. 2(b)). From these results, it was verified that the dual-path
setup provides both much lower chromatic dispersion and larger PMD compensation ability.

3. Results and Discussion

We have completed an experiment to assess the compensation effects of the dual-path method. The
experimental setup is shown in Figure 3. A tunable laser was externally modulated with a 10 Gbit/s
PRBS in a Mach-Zehnder modulator. A free-space variable time delay device, which can provide 250-500
ps DGD, was used as the PMD source. After PMD compensation, the signal was launched into 45km of
SMF. We have compared the performance of single and dual-path compensation methods before and after
45km of SMF transmission. Figure 4 shows the BER measurement results and received eye diagram. For
the dual-path case, because the optical signal passed through the grating twice, the reflectivity of the
grating should be very high in order to minimize the interferometrical effect between two arms.
Otherwise, coherent noise will limit the compensation performance. Since the transmitted power is just
23-25dB lower than the reflected power of the grating, the dual-path method has more power penalty than
the single-path technique right after PMD compensation. But after transmission, compared to the 4dB
power penalty of the single-path method, the dual-path compensation method has just 0.5dB power
penalty and the eye diagram shows that the signal is not degraded. With a better quality FBG, the dual-
path method should have even better performance.
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Fig. 3. Experimental configuration of dispersionless Fig. 4. BER measurement results and eye diagrams -
PMD compensation by an HN-FBG

In conclusion, a new PMD compensation method using an HN-FBG was proposed and
demonstrated. This method provides a large amount of PMD compensation ability (250-600ps).
Furthermore, the induced chirp of the HN-FBG is significantly reduced. As a consequence, the 45km
SMF transmission power penalty for the single and dual path method is improved from 4dB to 0.5dB. So
the dual-path method is a promising in-line PMD compensation technique which also has the advantage
of being widely tunable, fiber compatible and compact.
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taneous and independent PMD monitoring, we
consider the simple case of a 2-channel system.
Fig. 3(c) shows the subcarrier tone power on
channel #2 as a function of the subcarrier tone
_ power on channel #1 (500 independent measure-
ments). It is clearly seen that the subcarrier tone
powers are independent, as expected. Fig. 3(d)
shows the eye diagrams and the corresponding
subcarrier tone powers and BERs (bit-error-rate)
for typical cases for each channel and qualitative-
ly represents the independence of the perfor-
mance degradation between WDM channels.

In summary, we demonstrated a simple tech-
nique for simultaneous and independent PMD
monitoring by adding subcarrier tones at slightly
different frequencies to the different WDM chan-
nels. Our statistical investigation shows a close
correlation between the measured power penalty
and the subcarrier power fading of each channel.
This technique could be very useful for in-line
monitoring of several optical channels without
the need for optical demultiplexing and multiple
detectors.
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1. Introduction

Polarization mode dispersion (PMD) is consid-
ered to be the next critical hurdle in > 10-
Gbit/s/channel transmission systems. Since PMD

Appendix E

is a stochastic, dynamically varying process, com-
pensation of the channel degradation induced by
PMD is extremely challenging. Several automatic
PMD compensation technologies have been re-
ported.’* Most of these methods use one section
of differential group delay (DGD) as the main
first-order compensator element. Consequently,
the system performance is limited by higher-or-
der PMD and achieved PMD tolerance is around
30 ps for 10-Gbit/s systems.*

In order to enhance the higher-order PMD
compensation and hence increase the PMD tol-
erance, a compensator with multiple DGD sec-
tions has been proposed.”® Since multi-section
compensators have more degrees of freedom, the
feedback control is an open problem. Previous
work on one-section PMD compensators uses
one feedback signal, such as the degree of polar-
ization, the signal’s spectral component, and the
eye opening parameter. However, multi-section
compensators may require other feedback signals
that can distinguish higher-order PMD from
first-order PMD.

We have demonstrated that the clock compo-
nent corresponding to the data rate can be used
for chromatic dispersion monitoring.” Because
higher-order PMD can induce polarization-de-

One-section Emulator
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pendent chromatic dispersion, the data clock is
also expected to be an indicator of higher-order
PMD. In this paper, we verify that the extracted
clock power from the received non-return-to-
zero (NRZ) data is correlated with higher-order
PMD. After first-order compensation, higher
clock power corresponds to a higher power
penalty. Therefore, the clock power may be used
for multi-section PMD compensator as an auxil-
iary feedback signal. It is important to note that,
when considering only first-order PMD, the
clock component would not be extracted at the
receiver. In contrast, the clock can be used as
first-order PMD monitor for return-to-zero

(RZ) data.?

2. Clock regenerating effect for NRZ data
due to PMD

We simulated the 10 Gbit/s NRZ transmission
system with first and higher-order PMD, neglect-
ing chromatic dispersion and fiber nonlineari-
ties. The clock power was measured after a PMD
emulator, which consists of one-section DGD or
two-section DGD. Fig. 1 (a) shows the RF spectra
and eye diagrams for 50 ps of DGD. Fig. 1 (b)
shows the clock power versus mean value of
DGD. It is interesting that there is no clock signal

Two-section Emulator

N ANERNAN
Eye . . N
diagrams <
0.0
/
20 = 20 - B
i e I % 20
_ 0 1ob-- E’
& 2 —e- one-section
@/ i -40 - two-section
g 8
5 O
e -60
-801
-10 -80 .
10 20 10 20 0 20 40 60 80 100
Frequency (GHz) Frequency (GHz) Average DGD (ps)
(a) Eye diagrams and RF spectra. (b) Clock power vs. PMD
CFE2 Fig.1. Clock signal of 10 Gbit/s due to one-section, two-section PMD emulators.

70

PMD: <AT>=30 ps PMD: <At>=50 ps PMD: <AT>=70 ps
60

Average clock power: Average clock power: Average clock power:
50 ¢ “16.9 dBm -8.87 dBm %6.12dBm [
40 Standard deviation: | Standard deviation: Standard deviation:
6.88 dBm 5.12dBm
30
20 At
10 R
0 s 3 1} 1 )} ‘
-40 - -40 -20 0
Clock Power (dBm) Clock Power (dBm) - Clock Power (dBm)

CFE2 Fig.2.

52

10 GHz clock power distribution at different average PMD values.
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clock power (<—10 dB). But after first-order compensation, almost all higher penalty points (>4dB) oc-

curred in the higher clock power region (>-10 dB).

being regenerated for a one-section emulator,
i.e., only the DGD, or first-order PMD, does not
affect the clock power. However, when the PMD
emulator has more than one section, the clock
power will vary significantly due to the fact that
any emulators with more than one section have
higher-order PMD in addition to DGD. First-or-
der PMD is a linear transform of the optical
power. Therefore, the received optical pulse is the
superposition of two undistorted polarization
states. But higher-order PMD is a function of op-
tical frequency, and is nonlinear with optical
power, so the pulse shape of each polarization
state is also distorted. Consequently, once there is
higher-order PMD, the distortion of the optical
pulses will generate the clock signal.

3. Results and discussion

For real fiber, the pulse broadening induced by
PMD is not deterministic and is unstable in time.
Therefore the regenerated clock power is also a
random variable. Fig. 2 shows the calculated
clock power in a fiber with 30 ps, 50 ps, and 70 ps
of average DGD. In each case we collected 500
samples. The average clock power and the stan-
dard deviation are -16.92, —8.867, —6.12 dBm
and 6.88, 5.64, 5.12 dBm respectively. Higher
PMD has a higher average clock power and a nar-
rower distribution, i.e., there is more probability
to have a higher clock power in high PMD sys-
tems. This result verifies that when the average
DGD is higher, higher-order PMD become more
important.

We compared the system penalty versus clock
power with and without first-order PMD com-
pensation to examine the correlation between
higher-order PMD and clock power. Fig. 3 shows
the simulation results for a 50 ps PMD system.
Without the compensation, we find that even
when the clock power is very low, the system still
has a high outage probability. The system power
penalty and clock power are uncorrelated. How-
ever, after first-order compensation, we find that
the lower clock power corresponds to a lower
power penalty and higher clock power corre-
sponds to a higher power penalty.
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Polarization-mode dispersion (PMD) is a signifi-
cant barrier to achieving single-channel data
rates at 10 Gbit/s and beyond in optical commu-
nication systems. There have been numerous
proposals to use optical PMD compensators to
mitigate this problem,'” and much of this work
has focused on first-order compensators because
they are the simplest to build, to control, and to
analyze. Theoretical' and experimental*” work
has shown that first-order PMD compensators
can significantly reduce the average pulse spread-
ing and hence the average power penalty due to
PMD. However, this average reduction does not
address the issue of greatest practical impor-
tance. Designers specify a power margin for
PMD, and they want to ensure that the probabil-
ity that the power penalty due to PMD exceeds
this margin, the outage probability, is very low.
Typical parameters are a power penalty of 2 dB
with an outage probability of 1076.2

Work to date on first-order PMD compen-
sators has focused on two types. The first type
cancels out the differential group delay (DGD) at
the central frequency of the channel and requires
a variable DGD element as well as a polarization
controller.! The second type attempts to elimi-
nate the component of the principal state that is
orthogonal to the output polarization state and
only requires an element with fixed DGD as well
as a polarization controller.> Here we focus on
the second type.

It is not practical to calculate outage probabil-
ities on the order of 10~ using standard Monte
Carlo simulations. To do so would require on the
order of 10" realizations. For this reason, we use
importance sampling to calculate the outage
probabilities.® The optimum DGD for minimiz-
ing the average PMD penalty approximately
equals (A1), the expected DGD. By contrast, we
find that the optimal DGD for minimizing the
outage probability is a factor of 2-3 higher for a
10 Gbit/s channel with (At) = 25 ps or 35 ps.

To apply the importance sampling technique,
we first recall that P; the probability of an event
defined by the indicator function I(x), can be
written as,’

N

P,=121(xf)[" o) ] W

Ni= Pr()

where p(x) and p*(x) are the unbiased and biased
distribution functions of the random vector x so
that p(x)/p*(x) is the importance weight. The key
difficulty in applying importance sampling is to
properly choose p*(x). We have found that the
appropriate parameters to control are the angles
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1. Introduction

Polarization mode dispersion has emerged as one of the next critical hurdles for next-generation high bit
rate fransmission systems. PMD is caused by different transmission speeds along the two principal states
of polarization in a fiber with random birefringence. Since the birefringence of a fiber changes randomly
along a fiber link, PMD’s effects are stochastically random and time varying [1]. Specifically, the cases
of high PMD values are of intense interest since a fair amount of the fiber installed throughout the 1980's
had PMD values that were 10-100 times that of the current state-of-the-art.

Systems designers have typically struggled to determine the relative merits of the several possible
data formats for future deployed systems using the embedded fiber base. The formats considered are non-
return-to-zero (NRZ), return-to-zero (RZ), solitons (and specifically dispersion-managed solitons (DMS)),
and pre-chirped RZ (CRZ). Many signal degrading effects evolve quite differently in the regime of high
accumulated PMD (>20 ps) as compared to the regime of low accumulated PMD (<10 ps) at 10 Gb/s. In
particular, although solitons are not affected much at low PMD due to the pulse stability and trapping in
one state-of-polarization [2], they tend to become unstable under high PMD conditions. Previously
published analyses of different modulation formats have generally been limited to the statistical average
time evolution of optical pulses as they propagate along a fiber link. However, there has been very little
systems study of the relative limitations placed on terrestrial systems by high PMD fiber.

We compare the performance of NRZ, RZ, DMS, and CRZ formats in the presence of high PMD for
10-Gbit/s terrestrial systems through numerical simulations. We consider system Q-factors and power
penalties for the case of an integrate-and-dump receiver. Fiber nonlinearities and signal chirp interact
with PMD-induced pulse distortion to generate clear trends in system power penalties. We show that CRZ
pulses are even more tolerant to high PMD values than dispersion-managed solitons because of pulse
compression, and NRZ exhibits the worst performance. The electrical eye diagrams demonstrate that: (a)
the "0" level of NRZ is raised due to intersymbol interference, (b) RZ pulses tend to split apart, (c)
dispersion-managed solitons lose the integrity of their shape, and (d) chirped-RZ pulses are relatively
unaffected.

2. System Model

.We have concentrated on terrestrial systems operating at 10 Gbit/s. Fig. 1 shows the setup of our
model. 80 km of single-mode fiber (SMF) along with 15 km of dispersion compensation fiber (DCF) and
2 gain stages are considered for each dispersion map. This is a commonly used map for terrestrial
systems. The average input power is set to 5 dBm and —~1 dBm for SMF and DCF fibers respectively. Six
stages of dispersion map (totaling 570 km) transmission are considered. We assume zero average
dispersion for NRZ and RZ pulses, and approximately 0.4 ps/nm/km DMS pulses. For each PMD value,
10,000 ensembles of fibers have been evaluated using the coarse step method [3]. An ideal integrate-and-
dump receiver with optimized sampling time and decision threshold is considered to make a fair
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comparison for all formats. Amplified spontaneous emission noise is assumed as the dominant noise
source. AR

NRZ 10Gb/s ]
PMD= 40ps

Probability density

total length = 570 km

12 13 14 15 16 17 18
Q factor (dB)

Fig. 1. Model used for terrestrial system. Fig. 2. Q factor distribution for 10,000 ensembles of fibers.
PMD value is 40 ps.
3. Results

Fig. 2 shows the Q-factor probability distribution function for a 10 Gb/s NRZ system with 40 ps
of total accumulating PMD. As is apparent from the figure, the Q-factor can vary over a wide range
depending on the birefringence of different segments of transmission fiber. To avoid fading [4], systems
need to take into account the worst case Q-factor which appears in the tail of the distribution. We have
considered the tails with probability of 0.001 to represent the worst case Q-factor, though even more
stringent criteria may be needed to further limit fading,

Figs. 3(a) and (b) show average and the worst case (with probability 0.001) power penalties at
BER=10" for different total accumulated PMD values and different modulation formats at 10Gb/s,. It is
clear that worst case scenarios can cause more severe power penalties. In general, pulses with shorter duty
cycles (including RZ, DMS and CRZ) perform better because they have a wider margin which allows
them to retain their pulse power during a bit time, especially for small PMD values. Another reason for
the fast growing power penalty in the NRZ case is the increased zero level caused by PMD pulse
broadening and intersymbol interference. Higher zero levels generate higher noise on zeros and increase
the power penalty. DMS performs slightly better than RZ because of narrower pulse widths. However
soliton trapping can not prevent PMD-induced distortion as PMD values considered here are much higher
than trapping limit. For CRZ pulses that undergo an initial compression in the dispersive fiber [5], the
average dispersion is adjusted to give the maximum compression at the end of the transmission. This
leads to a better performance for CRZ pulses, especially at higher PMD values. Fig. 4 shows an example
of the worst case (with probability 0.001) bit pattern and eye diagram for different modulation formats at .
0 and 40 ps total accumulated PMD. NRZ pulses are severely distorted and the eye is completely closed.
For RZ pulses, pulses split and the eye is distorted, but it is open wider than in the NRZ case. Dispersion-
managed solitons are completely distorted and adjacent pulses merge together. However the eye is still
open, since pulse energy is mainly maintained during a bit time. For the CRZ format, compression helps

the pulses cancel out part of the broadening caused by PMD. Therefore a wide-open eye is observed.
Average power penalty Power penalty (probability=0.001)
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Total accumulated PMD (ps) Total accumulated PMD (ps)

Fig. 3. Power penalty (@ BER 107) for different PMD values in 10,000 ensembles of fiber after 580km transmission. a) average
power penalty, b) worst case power penalty (probability 0.001).
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Fig. 5 shows the influence of chirp on power penalty for RZ pulses at 40 ps total accumulated
PMD. Again, the average dispersion is adjusted to give maximum compression at the end of the
transmission. It is shown that pre-chirping can reduce the power penalty caused by PMD. For chirp=1, ~
1.7dB improvement is obtained. By increasing the chirp, performance still improves more but at a slower
rate.

m IO
et TAVAVY N u

PMD=40 ps

PMD=0 ps

Fig. 4. Output bit pattern after 570 km transmission with no PMD (upper), with 40 ps total accumulated PMD (middle), and
output eye opening with 40 ps total accumulated PMD (lower) at 10 Gb/s and worst case (probability 0.001).

Fig. 6 shows the total power penalty, caused mainly by fiber nonlinearities and PMD (PMD=1
ps/km'?). Since PMD accumulates along the fiber, different lengths represent different total accumulated
PMD values. RZ, DMS and CRZ are more robust in short distance where the total accumulated PMD is
small but degrade over longer distances. CRZ format (with chirp=1) overtakes the other formats as
maximum compression occurs at the end of the transmission. It is seen that for <3 dB power penalty,
CRZ format can be transmitted over more than three times the distance of NRZ format.

® 6 T T T T o Power penalty (probability=0.001)
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Fig. 5. Chirp effect on RZ transmission for 40 ps total Fig. 6. Total power penalty versus transmission length,
accumulated PMD, 10 Gb/s, 570 km. PMD=1 ps/km">.
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Deleterious systems effects due to polarization scrambling in
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High-performance optical transmission systems may be degraded by several types of polarization-dependent effects
[1], including polarization-mode-dispersion (PMD) from optical fiber and in-line components, polarization-
dependent gain (PDG) in optical amplifiers, and polarization-dependent loss (PDL) from many types of in-line
devices [2]. Polarization scrambling of the signal at the transmitter has been shown: (i) as a valuable facilitator for
generating the monitoring feedback signal in a PMD compensator [3-5], and (ii) to significantly reduce signal
fluctuations due to PDG [6-9].

In general, polarization scrambling modulates the signal's state-of-polarization (SOP) at certain frequencies. Both
experimental and simulation results have shown the effectiveness of this technique for ultra-long undersea
transmission systems using either low frequency (~10 kHz) or bit-synchronous polarization scrambling. It has been
noted in previous publications that the PDL-induced intensity modulation caused by polarization scrambling is a
potential system degrading cffect [2]. However, the modeling surprisingly shows that this effect can be dramatically
suppressed by PDG in ultra-long undersea transmission systems using low frequency scrambling,

Recently, polarization scrambling has become an important technique for PMD menitoring and compensation in
terrestrial transmission links because it provides a means of monitoring the instantaneous differential group delay
(DGD) values and thus reduces the feedback tracking complexity [3-5]. Instead of modulating the SOP along a great
circle on the Poincaré sphere, polarization scrambling that moves the input SOP to many random points along the
whole Poincaré sphere on millisecond time scales is desired for the purpose of PMD monitoring. In this case, the
polarization scrambling frequency is defined as the SOP update frequency, typically, tens of kHz. However, no
published work has appeared that describes any measurements on the impact of this kind of low-frequency
polarization scrambling in terrestrial systems, where the instantaneous PDL may be high but the PDG effect is fairly
small as to be considered negligible, and hence, the PDL-induced intensity modulation can be a deleterious effect.

We experimentally verify that this low-frequency polarization scrambling at the transmitter will produce significant
system performance degradation for a link with non-negligible values of instantaneous PDL. We also measure the
system BER fluctuation using a recirculating loop testbed that can emulate distributed PDL along an 800-km NRZ
transmission link at a 10-Gb/s data rate, We emphasize that network designers might determine that polarization
scrambling will be necessary for PMD monitoring, but this could require either the reduction of PDL in all in-line

components or the use of a PDL compensator [10].
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Fig.1 (a) Experimental setup for investigating the system impact of polarization scrambling in the presence of PDL. (b) Power penalty
as a function of received OSNR for a group of PDL values with a scrambling frequency of 20 kHz.
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First we use a variable lumped PDL element to investigate the system impact of PDL-induced intensity modulation
due to polarization scrambling. The experimental setup for 10-Gb/s NRZ data (2.1 PRBS) transmission is shown
in Fig.1 (a). The use of a polarization scrambler right after the transmitter can generate fast polarization scrambling
over a scries of uncorrelated SOPs. The first optical attenuator is used to adjust the OSNR of the received signal.
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The power penalty is compared with the back-to-back sensitivity measured at 10 bit-error-rate (BER) for different
OSNR and different PDL values at a 20-kHz scrambling frequency as shown in Fig. 1(b). Significant performance
degradation occurs when a link has non-negligible values of PDL. For example, a 2.6-dB instantaneous PDL gives
~3 dB power penalty at a 26-dB OSNR. We find that, when the scrambling frequency is less than 1 kHz, the
scrambling effect is negligible since the EDFA operating in the saturated regime is able to alleviate low speed power
fluctuation due to PDL, and the optical receivers usually cut off all fluctuations at a frequency lower than their cut-
off frequencies (kHz range). In contrast, if the scrambling frequency is beyond tens of kHz, the optical intensity
modulation will be detected at the receiver and cause eye closure.

Although the use of a lumped PDL element can somewhat illustrate the effects of polarization scrambling, it would
be more interesting to investigate the effect in a real long distance transmission link with distributed PDL statistics.
In order to emulate these statistics, we use a recircuiating loop testbed that closely reproduces the PDL statistics in a
typical terrestrial long distance system, as shown in Fig. 2 (a). A single channel at 1555 nm is NRZ modulated at 10
Gbit's (2°-1 PRBS). A polarization scrambler with 20-kHz scrambling frequency is placed right after the
transmitter. The dispersion-managed loop consists of three EDFAs operating in the saturated regime, 82 km of SMF,
and 12 km of dispersion-compensating fiber (DCF). In order to emulate the statistical distribution of PDL, the loop
contains a loop-synchronized polarization controller (PC) and a variable PDL element. The fones matrix of the PC is
updated after each round-trip interval of the loop to generate a series of random, uncorrelated polarization states
during the entire loop running period (a particular number of loops), which is determined by the loop control
circuitry. The background PDL of our loop is ~ 0.25 dB. The PDL element can be changed from 0.05 dB to 0.9 dB.
Here we use 8 passes that emulate an 800-km transmission link with the average PDL growing according to the
square root law [10]. The received optical SNR without PDL inside the loop is ~27 dB.

For a given PDL value inside the loop, we fix the input power into the receiver and measure the BER fluctuation as
the link instantaneous PDL varies, i.e. different measurement samples according to PDL statistics. The two cases of
with polarization scrambling and without scrambling are compared in Fig. 2 (b). With 0.45 dB and 0.9 dB PDL
inside loop, which correspond to ~1.3 dB and 2.5 dB average PDL along the whole link, respectively, the 5% tails of
BER without scrambling are 1.3x10°7 and 4.0x10”7, which are extended to 4.0x10°° and 5.0x10° with polarization
scrambling. As the PDL increases, serious BER fluctuations (higher standard deviation) occur (Fig. 2c).
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Fig.2 (a). Recirculating loop testbed that can emulate the distributed PDL along an 8<100-km link. (b) Statistics of BER
fluctuation with different PDL values (open symbols indicate the case without scrambling while solid symbok indicates with
scrambling case), each curve obtained from 200 sample. (c). Standard deviation of Log(BER) as a function of PDL per loop with
each point obtained from 200 measurement samples.
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Abstract: We demonstrate in-line monitoring and dynamic broadband compensation of PDL for an 800-km optical
link with 2.4-dB average PDL and 14-ps average PMD. The 2% power penaity tail of 10-Gb/s, WDM signals is
reduced from 6.5 dB < 2 dB within a 6-nm PDL compensation bandwidth.

Introduction

For the past few years, there has been much interest in the
limitations of high-speed optical systems caused by the
stochastic nature of polarization mode dispersion (PMD)
/1/. Additionally, it has recently become clear that even
polarization dependent loss (PDL) produces more complex
systems effects than originally assumed and can be a key
limiting factor in high-capacity WDM systems /2-5/. This
issue becomes especially pronounced because many optical
in-line  components, such as EDFAs, produce non-
negligible PDL in optical systems.

Some of the deleterious systems effects induced by PDL
include: (i) variation in the optical power and signal-to-
noise ratio (SNR) of each WDM channel, (ii) degradation
enhanced by the combined effect of PMD and PDL which
broadens the distribution of system penalties /3/, /4/, (iii)
for non-negligible amounts of PMD, the effects of PDL for
many WDM channels will not be correlated with each
other, (iv) similar to PMD, the effects of PDL are random
and vary dynamically in an optical system due to the
environment, and (v) PMD compensation becomes much
more difficult in the presence of PDL due to their mutual
interaction /5/.

Given the above effects, it is clear that a PDL compensator
would be of enormous value for high-performance systems.
To date, a functional dynamic PDL compensator has not
been demonstrated. Furthermore, given that PDL interacts
with PMD along a fiber link, it becomes imperative that
PDL compensation be performed periodically along the
transmission line. Moreover, a practical scheme of fast
PDL monitoring will be critically necessary for dynamic
PDL compensation. We note that a specific challenge for
designing a PDL monitor is that EDFA gain transients may
disrupt the measurement.

We demonstrate in-line monitoring and broadband
compensation of PDL for four 10-Gbit/s WDM signals.
Monitoring and dynamic compensation is performed every
100 km along the 800-km link. In order to avoid the
influence of EDFA transients, monitoring is accomplished
by using >20-kHz polarization scrambling on either: (i) the
data wavelength, or (ii) an ancillary wavelength.
Compensation is performed by gathering the monitored
PDL and rotating two polarization controllers, each one
preceding a fixed PDL component. In our experiment, the
dynamic PDL compensator reduces the 2% power
penalty tail from 6.5 dB to < 2.0 dB in the presence of 14
ps average PMD. Given the 0.2-ps of PMD in our EDFAs,
our compensator can correct for degradations over a wide
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6-nm bandwidth. We emphasize that PDL compensation is
casier to perform periodically along a link, whereas PMD
compensation is easier to accomplish only once along a
link, typically at the receiver.

In-line PDL monitoring and compensation

In order to monitor the PDL along a cascaded EDFA link
and avoid the influence of EDFA transients, we use fast
polarization scrambling, or repeated scanning, over a series
(typically, 100) of uncorrelated states of polarization (SOP)
at the starting point of the link as shown in Fig. 1(a). The
PDL value is obtained from the root-mean-square variation
of the photo-detected signal power induced by PDL. PDL
compensation is performed at each optical node between
transmission fibers by adjusting the in-line compensators to
minimize the monitored optical power variation.
Broadband compensation for wavelength independent PDL
can be realized by scrambling a continuous-wave, ancillary
wavelength without affecting the data. The PMD of the
transmission fiber will not influence the PDL monitoring
and compensation. On the other hand, for the case when the
PDL is not wavelength independent, polarization
scrambling of the modulated data may be used for channel-
by-channel compensation. We note that only one
scrambler, regardless of the input SOP, is required for
multi-wavelength scrambling for the entire link.

Experimental Setup

Fig. 1(b) shows the experimental setup which includes a
recirculating loop testbed that closely reproduces a
Maxwellian PMD distribution /6/. Four channels (1552 nm,
1554 nm, 1556 nm and 1558 nm) are modulated at 10
Gbit/s and decorrelated through 7 km of conventional
single~-mode fiber (CSMF). An ancillary wavelength at
1555 nm is used for broadband PDL monitoring and
compensation. The dispersion-managed loop consists of
four EDFAs operating in the saturated regime, 82 km of
CSMF, and 12 km of dispersion-compensating fiber (DCF).
In order to emulate the statistical distribution of PMD and
PDL in real systems, the loop contains two loop-
synchronized polarization controllers (PC), a polarization-
maintaining (PM) fiber with ~5.4 ps DGD, and a PDL
emulator. The Jones matrix of each PC is updated after
each round-trip interval of the loop to generate a series of
random, uncorrelated polarization states during the whole
loop running period (a particular number of loops), which
is determined by the loop control circuitry. The PDL per
loop, including the PDL emulator, is about 0.85 dB. By
tapping off part of the signals and filtering out the desired
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wavelength, we can monitor the PDL value along the link
and adjust a variable PDL compensator automatically. The
testbed emulates an 800-km transmission link with ~14-ps
average PMD and 2.4-dB average PDL. The received
optical SNR without PDL inside the loop is ~27 dB.

Transmission N
Fiber Optical Node
'

Optical Node

10-Gbls

Loop
Synchronized
PC1

PM Fiber

g y  Loop
EDFA EDFA ! Synchronized
pPC2

[P phASIRNIPR L ¥

(b)
Fig. 1. (a) Schematic diagram of PDL in-line monitoring
and compensation. (b) Broadband PDL compensation
using a loop testbed with close reproduction of
Maxweillian PMD (For single-channel compensation,
the scrambling PC is put after the modulator).

Results and Discussion

Fig. 2(a) shows the RMS power variation of the monitored
signal after passing through onty one loop as a function of
the polarization scrambling frequency (SOP update
frequency). At a frequency higher than 2kHz, the influence
of EDFA transients is suppressed and the results agree well
with measurements taken for a passive PDL emulator (i.e.,
without EDFAs). The limited high frequency response is
due to the photodiode bandwidth (~200 kHz). Fig. 2(b)
shows the measured PDL versus transmission distance with
inter-loop polarization decorrelation. Similar to PMD, the
average PDL accumulates according to the square-root law.
Fig. 2(c) shows the cumulative probability of measured
power penalty at a 10 bit-error-rate for the testbed with (i)
only 14-ps average PMD (5.4 ps/loop), (ii) only 2.4-dB
average PDL (0.85 dB/loop), and (iii) both PMD and PDL.
In the latter case, the 2% penalty dramatically increases
from about 1.5 dB to 6.5 dB after introducing 2.4-dB PDL
1o the 14-ps PMD, and even error floors (= 9 dB penalty)
occurred for 5 out of 500 samples. As comparison, 43-ps
DGD after the same 800-km transmission without PDL will
induce ~4.0-dB power penalty.

The resulting 500-sample power penalty histograms for in-
line PDL compensation in the presence of 14-ps average
PMD are shown in Fig. 3. We use a scrambling frequency
of 200 kHz. The average PDL without compensation is still
2.4 dB. Using a dummy wavelength for PDL monitoring
located at the center of the wavelength band (1555nm), the
2% power penalty is reduced to 1.4 dB (Fig. 3a) and 1.9 dB
(Fig. 3b) for the channels 1-nm and 3-nm apart from the
dummy wavelength, respectively. The residual penalties
are induced mostly by the PMD. A major limitation of
broadband PDL compensation is the PMD of the PDL
components, which can induce wavelength dependent PDL.
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Given the 0.2-ps of PMD in our EDFAs, our PDL
compensator can correct for degradations over a wide 6-nm
bandwidth. Compensation of wavelength dependent PDL
can be implemented on a per channel basis by scrambling
the SOP of the modulated data signals. In this case, the 2%
power penalty can be reduced to 2.0 dB (Fig. 3c). We note
that, after in-line compensation of PDL, traditional PMD
compensation may still be applied before the receiver.
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Fig. 2. (a) RMS power variation due to fast polarization
scrambling and PDL. (b) PDL distribution at different
transmission distances (100 samples for each distance).
(¢) Cumulative probability distributions of the power
penalty at 107 BER for three different cases: (i) 14-ps
average PMD only, (ii) 2.4-dB average PDL only, and
(iii) combined PMD and PDL. Each case S00 samples.
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Fig. 3. Histograms of the power penalty at 10° BER:
Broadband PDL compensation for (a) the 1556-nm
channel and (b) the 1558-nm channel, with the PDL
monitored at 1555 nm, and (c) compensation of a single
data channel with the PDL monitored by scrambling
the data itself.
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Fast XPM-induced polarization-state
fluctuations in WDM systems and
their mitigation

Z. Pan, Q. Yu, and A.E. Willner, Department of
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1. Introduction
Polarization mode dispersion (PMD) has
emerged as a key limitation in: (i) 10-Gb/s sys-
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tems that use older legacy fiber, and (ii) 40-Gb/s
systems that use even the newest types of fiber
due to the non-zero PMD that appears in most
in-line components. For such systems, PMD
compensators would be needed to reduce the
probability of network outage. Typically, PMD
compensators attempt to correct a single WDM
channel and are composed of a polarization con-
troller, a differential-group-delay element, and a
monitoring feedback loop."” The feedback loop
is necessary to rotate the state-of-polarization
{SOP) of the incoming signal for optimal align-
ment to the DGD element. Almost all PMD com-
pensators have assumed that the systemn is linear
and that the effects of PMD do not change much
faster than on a millisecond time scale,

Unfortunately, optical fiber has nonlinear
birefringence, thereby causing the signal SOP to
wander depending on the local total optical
power. This nonlinear effect can occur on
nanosecond tinte scales and has serious implica-
tions for WDM systems. In a WD M link, the pres-
ence of other channels will rapidly alter a signal’s
SOP and dramatically reduce the instantaneous
effectiveness of a PMD compensator. Recently,
there were some reports of this eﬂ"ect,a‘ﬁ'5 but
without much quantifiable systems results or
proposing & possible method of mitigating this
issue. These reports inciude: (i) an evolution of
the channel polarization in dense WDM systems
caused by cross-phase modulation (XPM),? and
(ii) the general limitation of the effectiveness of
PMD compensation in the presence of fiber non-
linear effects.** Note that since this effect occurs
on the time scale of individual bits, it is highly un-
likely that present optical PMD compensators
can be modified to mitigate this effect.

In this paper, we show numerically and exper-
imentally the degradation caused by XPM in sys-
tems that use PMD compensators, as well as
demonstrate a modulation scheme for mitigating
this problem. We use a simple and effective model
to evaluate this probtem. We show the quantity of
XPM-induced polarization-state fluctuations
and induced system penalty for different condi-
tiens. In order to overcome this problem, we pro-
pose and demeonstrate a novel intra-bit polariza-
tion medulation (JPDM) format.® Unlike
conventional NRZ or RZ signals, for which the
polarization state does not change within a bit
time, the IPDM format contains two orthogonat
polarization states per bit interval. These two or-
thogonal signals are staggered so that they do not
overlap in the time domain. This modulation for-
mat guarantees that the optical power is constant
in any given polarization direction. Therefore, the
XPM-induced phase difference for a signal’s two
polarization states is constant. Thus, polarization
fluctuations can be depressed to a large extent.
The results show a 7 dB improvement using the
IPDM format over NRZ and RZ formats in a 40
ps DGD compensation system.

2. Nonlinear Transformation of the SOP
due to XPM

In practical communication fiber with rapidiy
varying birefringence, signal propagation can be
described by the Manakov-PMD equation with-
owt the nonlinear PMD term.” Consider the two-
channel case with a probe signal at channel 1 and
a pump signal at channel 2. Assume fiber PMD is
small enough so that there is no polarization cou-
pling (power exchange) between the parallel (||}
and perpendicular (L) components of the probe
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with respect to the pump polarization. Neglect-
ing pump waveform distortion, the pump-in-
duced phase change for the two probe compo-
nents can be expressed as:

.0 =7 L Py(t+ diy ) dz
and o0 =26,(9) )

where 7y is the nonlinear coefficient, P,(1) is the
input pump intensity, d,; = D(A, - &,) is the
walk-off parameter with D the chromatic disper-
sion coefficient. On the Poincare sphere, the
probe SOP sphere will rotate an angle ¢y = ¢y -
$, around the axis in the direction of the pump
SOP. The probe will have the maximum modula-
tion of SOP when the pump is polarized at a 45°
angle relative to the probe. In this worst case, if
P, (1) is sinusoidalty-modulated at an angular fre-
quency £, the peak-to-peak rotation angle of the
probe SOP is given by:

Ay = VAP ) |1 -5 fo - i0d,, |
2)

In WDM systems, this effect induces bit-pat-
tern-dependent polarization fluctuations in an
optical signal whenever there is optical power
present at other wavelengths. Fig. 1 illustrates this
concept for a simple 2-channel (pump-probe)
system. Channel 2 experiences changes of SOP
due to XPM effects in the fiber caused by the bit
“1” at channel 1. This effect becomes significant
when the relative SOPs of the channels are pre-
served over distances long enough for nonlinear
interactions to accumulate, implying that nonlin-
ear changes in SOPs are more prevalent in fibers
with low PMD, in which the relative polarization
states of the channels remain correlated over long
distances, If the PMD is not uniformly distrib-
uted aleng the transmission fiber, for example,
lumped high DGD components are followed by
low PMD transmission fibers, the overall link will
still require compensation. However, the nontin-
ear change of the SOPs in the low PMD fiber can
seriously reduce the effectiveness of PMD com-
pensators, due to the fact that the overall PSP is
dependent on the power of the other optical
channels and their SOPs. Since first-order PMD
compensation depends on applying the appro-
priate amount of DGD), aligned with the PSPs of
the signal, it follows that if the PSP is bit-pattern-
dependent, PMD compensation cannot be effec-
tively realized.

3. System Model and Experimental
Evaluation Setup

Based on the above theory, we investigate the per-
formance of an ideal first-order PMD compensa-
tion system using this pump-probe model, Figure
2 shows our simulation and experimental setup.
A, is the pump channel with high Jaunched opti-
cal power, representing all other WDM channels.
A, is the probe channel, suffering the XPM-in-
duced polarization fluctuation. The probe chan-
nel goes through a variable DGD element and co-
propagates with the pump channel in a low PMD
transmission fiber. At the receiver end, another
DGD element is used to compensate the first
DGD section. In the absence of nonlinear effects,
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ThA7 Fig.1. Concept of XPM induced bit-dependent polarization state change.
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ThA?7 Fig. 2. System model and experimental setup. A;: pump, A,: probe.

e.g., without the pump channel, the DGD is per-
fectly compensated in the system. With increasing
pump power, the system will no longer be com-
pensated and degradations will arise. We calcu-
late and measure this degradation under different
circumstances, €.g., by varying pump power and
DGD values, by changing the pump modulation
format, and by varying the channel spacing be-
tween pump and probe.

4. Proposed IPDM Format for the
Mitigation of Nonlinear Effects

In general, methods to reduce nonlinear effects in
fibers include: decreasing launched optical
power, and destroying phase matching condi-
tions, We propose a novel modulation format,
[PDM, to decrease signal’s degree of polarization,
as shown in Fig. 3(a). The generation of this for-
mat is shown in Fig. 3{b). In the transmitter, each
bit is split into two equal halves, with the first hatf
wansmitted at an orthogonal polarization to the
second half. This modulation format guarantees
that the optical power is constant in any given po-
larization direction. Therefore, if launched power
for all WDM channels are bi-polarized, the two
polarization components of the probe channel
will not see any nonlinearty-induced phase differ-
ence. Thus XPM-induced polarization fluctua-
tions can be supressed to a large extent. Fast po-
larization scrambling (on the scale of a bit time)
may also reduce this problem, but will require fast
polarization tracking for PMD compensation.

(a) NRZ/RZ

1 bit perlod
Or ' bitperiod

10 Gbis
(b) PRBS

5. Results
To evaluate the XPM interaction with PMD for
NRZ and RZ formats, we first use a continuous
wave (CW) signal as the pump and normalize the
XPM effect to the nonlinear phase difference be-
tween the two polarization states, denoted by 0,
= vP,L.p which represents the magnitude of the
XPM effect. PMD is represented by the DGD
value. Fig. 4(a) shows systemn degradation vs. ¢y
in the XPM-inducing channel with a DGD value
of 40 ps. Fig. 4(b) shows the power penalty vs.
DGD value of the system with the nonlinear
phase of 1. These results show that although in a
single channel system without XPM the initial
DGD can be fully compensated after transmis-
sion, ina WDM system with XPM, the probe SOP
will rotate an angle ¢y, causing system degrada-
tions. We note here that the worst case occurs at
ty = T when a slow PMD compensator is used
for first-order PMD compensation. For 40 ps
DGD, this corresponds to a 10 dB penalty for
NRZ signals and an 8 dB penalty for RZ signals.
We also use a sinusoidally-modulated pump
to investigate the effect of different channel spac-
ing (the walk-off effect). Fig. 4(c) shows power
penalty vs. pump-probe channel spacing. Negli-
gible phase or polarization fluctuations occur
when the channel spacing is greater than 3 nm,
For the [IPDM format, experimental results are
also shown in Fig. 4. Under all these conditions,
both the pump and probe are in IPDM format.
We find very low XPM induced polarization state

i

! bit period

RZ
Format

ThA7 Fig.3. (a).Uni-polarization format (NRZ/RZ) and bi-polarization format (IPDM). (b). Setup
for the generation of 10-Gb/s intra-bit polarization diversity modulation (EPDM) format.
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XPM induced polarization fluctuation for differ-
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fluctuations in this case. The performance is
greatly enhanced when considering the systein
penalty (<0.5 dB). Note the one drawback of
TPDM is that only half the optical power is used at
the receiver causing 4 3 dB back-to-back penalty®
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Quantitative analysis of second order
distributed Raman amplification
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1. Introduction

The benefits of distributed Raman amplification
in telecommunications networks have been
widely reported.? The main limitations of this
technique arise from the phenomena of single
and double pass Rayleigh back-scattering of am-
plified spontaneous emission (ASE) and optical
signals in the transmission fiber.” These impair-
ments grow super-linearly with increasing dis-
tributed gain, imposing limits on the maximum
allowable distributed gain in a system. One can
improve the equivalent noise figure (NF) associ-
ated with this maximum allowed gain by use of a
second Raman pump with a photon energy two
Stoke's shift above the signal photon energy (so
called second order Raman pumping}. This tech-
nique was first proposed with the second order
pump co-propagating with the signals, in order to
provide Raman gain at the beginning of a fiber
link without the noise transfer problems associ-
ated with first order co-propagating Raman
pumps.® Subsequently a second technique of sec-
ond order Raman pumping was proposed
whereby both the first and second order pumps
counter-propagate with respect to the signal®
There is a certain interaction length associated
with the transfer of power from the second to first
order pump which pushes the distributed gain
further back into the fiber, thus improving the ef-
fective noise figure. Such a scheme is more appro-
priate than forward propagating second order
pumping when span lengths are long, or when
long distance unrepeatered transmission is
sought. In addition, this configuration impie-
ments Raman amplification in the unsaturated
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gain regime, and as such will be more immune to
transient effects.

[n this paper we present a detailed experimen-
tal analysis of the performance benefits and
pump power trade-offs associated with second
arder Raman pumping in the backward pumping
regime.

2. Expetimental method

The experimental configuration used is shown in
figure 1. The pump lasers used in the experiment
were a fixed wavelength Raman fiber laser at 1410
nm, which served as a second order pump source,
and a tunable Raman fiber laser whose wave-
length was set to 1495 nm and which was used as
the first order pump. Maximum output powers of
3W and 1W were available from the respective
pumps. The signal source was an external cavity
tuned semiconducior diode laser tunable from
15201620 nm. The signal and pumps were
counter-propagated in 100 km of Corning SMF-
28 fiber, and the on/off Raman gain and ASE
spectral density at the output were measured on
an optical spectrum analyzer (OSA). To provide a
reference for the second order pumping results
ihe gain and effective NF were experimentally de-
termined from 1580-1615 nm for a simple first
order pump with 400 mW of power launched
into the fiber at 1495 nm. The effective NF is de-
fined by equation 1:

Pasg (V) = Ru(GpF-1) n

where p,g:(0) is the ASE spectral density, h is
Planck’s constant, v is the optical frequency, G is

the on/off Raman gain and F is the effective NF in
linear units.

Subsequently, the power in the first order
pump was decreased to 200 mW and the power in
the second erder pump increased to achieve the
same gain as in the reference case, and again the
gain and NFs were measured from 1580-1615
nm. The process was iterated with first order
pump powers of 100, 50 and 25 mW.

3. Experimental results

Figure 2 shows the gain and NF comparison be-
tween the reference case (400 mW first order
pump?) and a configuration with 630 mW of sec-
ond order pump and 100 mW of first order.

The curves in figure 2 represent steady state
numerical solutions of the Raman equations for
the given pump and fiber configuration. These
simulations use measured Raman gain spectra,
fiber loss spectra and Rayleigh scattering coeffi-
cients and calculate all pump-signal, pump-
pump, and signal-signal interactions in the fiber
link, giving the gain and noise figure at the output
for each signal wavelength. We can see from the
data that there is good agreement with the simu-
lation results. For the pumping configurations
considered in figure 2 we see around 0.8 dB im-
provement in the effective NF for second order
pumping over the whole gain band. Figure 3
summarizes the results for all the configurations
of first and second order pumping considered,
showing the average NF achieved over the
1580-1615 nm band for the same nominal gain
(13 dB) in each case, and the second order power
required to achieve this gain as the first order

Rsman fiber
laser
1410 nen(3W)
e OSA
Backward
Signal laser pumps Pump WDM
1520-1620 om Pump/signal WDM
—
Tunable
Raman laser
1475 - 1500nm
{wy
ThB1 Fig.1. Experimental set-up.
14 1
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ThB1 Fig.2. Gain and noise figure measurements for 400 mW first order Raman pumping (squares)

and for 630 mW second order with 100 mW first order {triangles). Lines are results of simulations {bro-

ken for first order, solid for dual order).
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High-birefringence nonlinearly-chirped fiber Bragg grating for tunable compensation of
polarization mode dispersion

S. Lee, R. Khosravani, J. Peng’, A. E. Willner, V. Grubsky*, D.S. Starodubov**, and J. Feinberg*

Dept. of Electrical Engineering - Systems
University of Southern California, Los Angeles, California, 90089-2565
(213) 740-1488, FAX : (213) 740-8729, sanggeon @scf.usc.edu
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Key advances in managing fiber dispersion and nonlinearities have produced astounding results in
increasing the capacity of optical systems. However, polarization mode dispersion (PMD) has recently
emerged as one of the next critical hurdles in achieving very-high-performance optical transmission
systems and networks. This situation has occurred since much of the fiber that was deployed throughout
the 1980's had a PMD parameter that is much higher (up to a factor of 100 times) than the more-
optimized fiber deployed today. Therefore, any high-performance transmission systems using the
embedded fiber base must account for possible PMD problems.

In general, PMD is caused by the different transmission speeds of the two states-of-polarization (SOPs)
in the fiber. Since the state-of-polarization of a signal changes randomly along a fiber link, PMD is a
statistically random quantity. However, to zeroth order, PMD can be emulated and compensated by
simply delaying one state-of-polarization with respect to the other; this is more accurately known as
differential group delay (DGD) although we will refer to it as PMD for this paper. Since PMD can
change for a static link and can certainly change for a dynamically reconfigurable network, it is highly
desirable to have a tunable PMD compensator.

One technique for compensating PMD is to use polarization maintaining fiber with polarization
controller [1]. The disadvantage of this approach is that it is quite cumbersome and not tunable. Another
method is to perform compensation in the electrical domain at the receiver [2], but this technique can
only be performed at the receiver, not in-line, and can only compensate for a limited amount of PMD.

We report a nonlinearly-chirped fiber Bragg grating (FBG) that is written into a high-birefringence fiber
and can be tuned to compensate for different amounts of PMD. The high-birefringence fiber provides a
different delay for different SOPs, and the nonlinear chirp provides the ability for tuning of the specific
amounts of differential polarization delay. The differential polarization delay can be tuned by stretching
the grating. We use this novel grating to compensate for induced DGD and show good performance at 10
Gb/s signal with 175 ps tunability. This technique has the advantages in that it is tunable, fiber
compatible, and compact.
High-Birefringence

. . Nonlinearly-Chirped
Figure 1 shows a conceptual diagram of our Slow Axis (ns) FBG

high-birefringence nonlinearly-chirped fiber
Bragg grating (HN-FBG). High-birefringence
optical fiber (HBF), like polarization
maintaining fiber, has a large refractive index

|
. L Fast Axis (nf)
difference between fast and slow polarization ; ||| 3'1
axes. Due to this large refractive index I ! > ' |l !
difference, the reflection position from the 7‘i4—|1@
chirped grating is different for each polarization '“SC%'R;"IQ
direction of an input optical signal at one fixed Reflected Signal from
wavelength within the grating bandwidth. This . Fiber Bragg Grating ) )
reflection position difference (AL) gives a time Fig. 1. Diagram of High-Birefringence Nonlinearly-Chirped

delay between the two polarization directions of : Flber‘Brz'lgg Grating. (Incoming signal is in fast and slow
polarization state.)

AL
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Fig. 2. (a) Reflected time delay curve for slow axis and fast axis polarization, (b) Time Delay between two
orthogonal polarizatons. Solid line provides the expected time delay from the curve fitting of Figure 2 (a).

at= 22 AL 1)
C

, where ¢ and n are the speed of light and core refractive
index respectively. If the grating is written with
nonlinear chirp, At can be varied with wavelength within
the grating bandwidth. These different-delayed optical
signals will be combined at the output from the grating
without interference since they are orthogonally
polarized.

We write a nonlinearly-chirped grating on a

photosensitive HBF through nonlinearly-chirped phase
mask using 300nm near UV light. High birefringence
(i.e. large refractive index difference) gives two almost
identical gratings for the orthogonal polarization
directions separated by AA which is determined by the
refractive index difference between two polarization
directions [3, 4, and 5], according to

A=) @)

n—ng

where n,, ng, n, ny, and kg are slow axis, fast axis, core,
cladding refractive indices and average of the fast and
slow polarization resonant wavelengths respectively.
For our photosensitive HBF, ALis around 0.6 nm at
1550 nm. The time delay curves of the reflected signals
from our HN-FBG as a function of wavelength are
measured for each polarization direction, shown in
Figure 2. (a). Note that almost identically-chirped
gratings are written for both polarization directions.
Since the grating is nonlinearly-chirped, At is a function
of wavelength as shown at Figure 2. (b). At changes
from 320 ps to 100 ps when wavelength changes from
1547.03 nm to 1550.34 nm. The solid line provides the
expected time delay between the two polarizations,
obtained by fitting our experimental data.
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We mounted our HN-FBG on a (a) Base-line eye diagram
translational stage to investigate the R
tunability of the grating. With
stretching, Figure 3 (b) shows that the
shape of reflection spectrum for each
polarization direction does not change
over 232 nm wavelength tuning by
stretching. SOP of the reflected signal
from the HN-FBG is measured using an
HP8509B polarization analyzer during
stretching and the reflected SOP on
Poincaré sphere for each polarization
direction is shown on Figure 3 (c).
There is no significant change in (c) 127 ps compensation (e) 302 ps compensation
polarization due to stretching. We (0% stretching) (0.215% stretching)
believe that the small amount of change ; TP T j
of SOP (+ 13 %) during stretching
comes from imperfect polarization axis
alignment to the grating or stretching.
Figure 3 (a) shows the At change due to
stretching the HN-FBG at 1549.33 nm. . .
Approximately 170 ps At tuning is Fig. 4. Tunable PMD compensation of 10Gb/s using HN-FBG

achieved by 0.22 % stretching of the grating at 1549.33 nm.

(d) 302 ps emulation

Since the polarization does not change, and At is tunable, stretching provides simple potential application
for tunable compensation of PMD on long distance high speed optical data transmission. To demonstrate
this possibility, a DBR signal laser at 1550.2 nm is externally modulated at 10 Gb/s PRBS non-return-to-
zero data format using a 16 GHz electro-optical intensity modulator. Around 127 ps and 302 ps DGD
delays are introduced from PMD emulator. A polarization controller is used before the HN-FBG to align
the polarization directions to the grating. Figure 4 (a) shows the base eye after the intensity modulator.
Figure 4 (b) and (d) show the eye for 127 ps and 302 ps PMD emulations respectively. Both eyes are
completely closed because emulation is larger than one bit period. Figure 4 (c) and (d) show the PMD
compensation of HN-FBG without tuning and after tuning by 0.215% stretching. The eye is completely
recovered after compensation, and bit-error-rate measurements confirm error free operation for both
compensated cases.
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ps/nm and -5,500 psinm, respectively. AQ’ in
these figures indicates the difference in perfor-
mance when the pre-emphasis is changed from
flat to positive for each channel. As can be clearly
seen in these figures, positive pre-emphasis sig-
nificantly distorts the signal spectrum close to A,
whereas the spectral shapes of the channels far
away from Ay remain basically unaffected as the
signal is pre-emphasized. This is yet another indi-
cation of a stronger nonlinear behavior of chan-
nels in the vicinity of A,.

5. Conclusions

We have presented a comparison of orthogonal
and parallel polarization launch in a straight-line
transatlantic DWDM transmission experiment,
We observed more than | dB of Q-factor im-
provement when employing orthogonal launch.
Our experimental results agree well with our sim-
ulator predictions.
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1. Introduction
Polarization-mode-dispersion  {PMD)  has
emerged as a key limitation in: (i) 10-Gbit/s sys-
tems that use older legacy fiber, and (ii} 40-Gbit/s
systems that use even the newest types of fiber due
to the non-zero PMD that appears in most in-line
components. Moreover, PMD is characterized as
being a random stochastic process for which the
system degrading effects change with many envi-
ronmental conditions,' For such systems, dy-
namic PMD compensators would be needed tore-
duce the probability of network outage,

To first order, PMD can be considered as a sim-
ple differential group delay (DGD) between the
two polarization axes of the transmission fiber.
Therefore, a first-order PMD compensator in the
receiver would be a simple DGD element that re-
verses the time differential caused by the fiber,

Typically, this PMD compensator is composed of
a polarization controller, a DGD element, and a
monitoring feedback loop.? The feedback loop is
necessary to rotate the state-of-polarization
(SOP) of the incoming signal to optimally align to
the DGD element. After eliminating the first-
order PMD effect, the system performance is es-
sentially limited by higher-order PMD effects.!
Therefore, higher-order PMD compensation is
desired for the more demanding high-perfor-
Mance systems.

Previous reports of higher-order PMD com-
pensators have used two or more DGD sections
before the receiver, with each section requiring
feedback control.™ This scenario produces a
very complex software algorithm of the control
feedback signal, in which the DGD elements are
correlated and changing one element may per-
turb the optimal solution on the other element.
Therefore, many regions of local power-penalty
minima will appear for the feedback control loop,
thereby making optimal system performance and
tracking extremely difficult.

We demonstrate a novel technique that com-
pensates for the higher-order PMD by using a po-
larization controller and phase modulator in the
transmitter as well as a traditional first-order
compensator in the receiver. In our method, the
receiver end compensates for first-order PMD,
whereas the transmitter end compensates for the
higher-order PMD components. These two ends
are decorrelated, thereby significantly reducing
the possibility of being trapped in a local mini-
mum in the feedback loop. The operation is
achieved by using: (i) the receiver end to com-
pensate for first-order, (ii) telemetry from the re-
ceiver to the transmitter to give information on
the signal’s higher-order PMD, (iii) rotating the
signal SOP at the transmitter to align with the
fiber’s higher-order principle axes, and {iv) pro-
ducing signal chirp and higher-order compres-
sion using a phase modulator. Qur simulation re-
sults show that the PMD tolerance for 40-Gb/s
NRZ system can be increased from ~7 ps after
first-order compensation to ~10 ps after higher-
order compensation according to criterion of the
outage probébility of 1/18,000 (i.e., 30 min. per
year). The experimental demonstration confirms
the effectiveness of this approach. We note that
the phase modulator at the transmitter side can
be shared by many WDM channels, or replaced
by only a dual-drive amplitude modulator as the
transmitter. The feedback response has the simi-
lar requirement as first-order PSP transmission.®

2. Higher-order PMD compensation
The basic concept of higher-order PMD compen-
sation is shown in Fig. 1 using a geometric repre-

sentation of PMD vectors. The first-order PMD
vector along the link is denoted by £, .. By ap-
plying an opposite Q,,,,, at the receiver, we can
compensate first-order PMD of the link. The sec-
ond-order PMD vector &, is approximately per-
pendicular to §2,,,. If we can align the input SOP
of the signal S,;. in parallel to the direction of (2,
the pulse can be compressed by a given amount of
chirp and the chromatic dispersion induced by
second-order PMD effects,” and hence mitigat2
the system degradation due to higher-order
PMD.

3. Experimental demonstration

To demonstrate the effectiveness of our ap-
proach, we use the experimental setup shown in
Fig. 2{a). The signal from a tunable external cav-
ity laser (ECL) is splitted into two parts. One of
them is NRZ modulated at 10-Gb/s (23 — 1
PRBS). A phase modulator driven by the clock
signal can introduce a fixed chirp on the signal. A
polarization controller (PC1) used to adjust the
input SOP is placed right after the phase modula-
tor. An optical switch then is used to switch be-
tween the two parts of light (i.e, one is modu-
lated, another is un-modulated). A higher-order
PMD emulator being put inside a temperature
chamber is composed of 30-section polarization
maintaining (PM) fiber spliced at certain angles
and provides ~50-ps average PMD, After the
PMD emulator, a PMD analyzer is used to mea-
sure the instantaneous PMD including first-order
(DGD} and second-order PMD by switching the
optical path to the un-modulated signal. A tradi-
tional first-order PMD compensator that is com-
posed of a polarization controller (PC2) and a
variable DGD element (VDGD) is used before
the receiver. The DGD value of the first-order
compensator is set from the measurement result
of the PMD analyzer. By turning the phase mod-
ulator on and off, we can compare the compensa-
tion performance of first-order and second-
order, as the results show in Fig. 2(b). The power
penalty after first-order PMD compensation and
higher-order PMD compensation are compared
with respect to the second order PMD measured
from the PMD analyzer. Here the power penalty
is compared with the back-to-back sensitivity
measured at 10~ bit-error-ratio (BER) using an
optical pre-amplifier before the receiver to in-
crease the sensitivity. Note that these samples arz
not statistically distributed, we select 100 typical
samples by sweeping the wavelength of the tun-
able laser. We can see that the relationship be-
tween the power penalty after the first-order
PMD compensation is strongly correlated to the
second-order PMD even though we set PC1 to
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Schematic diagram illustrating the concept of proposed higher-order PMD compensa-
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ond-order PMD.

random polarization states for the first-order
PMD compensation case.

4. Simulatlon Results

PMD compensation is modeled for NRZ 40-Gb/s
transmission over a fiber link that has Maxwellian
PMD statistics.' The link is modeled by 25 cas-
caded segments, each having a randomly distrib-
uted DGD (Maxwellian) and a randomly ori-
ented PSP (uniform on the Poincaré sphere). We
assume chromatic dispersion and fiber nonlin-
earities do not accumulate along the link since we
are trying to isolate the effect of PMD separately.
The PMD-induced Q-factor penalty for each
fiber sample is calculated from the simulated BER

versus the receiver decision threshold, assuming .

that amplified spontaneous emission (ASE) is the
dominant noise source. First-order PMD com-
pensation is achieved by compensating the link
DGD to exactly zero at the signal spectral center,
and the signal input SOP is controlled by a feed-
back loop of twe control variables to maximize
the simulated eye opening.

The purpose of PMD compensation is to re-
duce the probability of inducing large system
penalties or link outages due to PMD. Under the
assumption that an outage occurs when the
Q-penalty is greater than 2.5 dB, Fig. 3(a) shows
the outage probability as a function of the average
DGD for an ensemble of independent fiber
samples. Simulations show that, similar to first-
order PSP transmission, the feedback loop con-
trolling the input SOP does not suffer from the
local-optima. As a result, the outage probability
calculated using a local optimization algorithm
{open circles in Fig. 34} basically agrees with the
probability calculated from a global optimization
of input SOP over the whole Poincare sphere
(solid circles). According to the criterion of the
outage probability of 1/18,000, the system toler-
ance to PMID) can be increased from 7.5 ps after
first-order compensation to 10 ps after higher-
order compensation. The Q penalty distributions
for both first-order and higher-order compensa-
tion at 12.5-ps average PMD are shown in Fig.
3(b).
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1. Introduction

Polarization-mode dispersion (PMD) is a major
impairment for the achievement of ultra-high ca-
pacity transmission over installed legacy optical
fibers. For this purpose, several optical and elec-
tronic adaptive PMD compensation schemes are
proposed in the bibliography.!” All aforemen-
tioned techniques comprise a form of PMD mon-
itering device, which generates an error signal for
driving the control unit of the adaptive PMD
compensator. Frequency-selective polarimeters,
ie., devices which can measure the variation of
Stokes parameters as a function of frequency,*’
are especially attractive candidates for PMD mon-
itoring in higher-order PMD compensators be-
cause frequency-resolved Stokes parameters can
provide, at least in principle, information about
all PMD orders.

In this article we propose a novel coherent het-
erodyne receiver architecture, which can operate
as a frequency-selective polarimeter. An original
and efficient algorithm is used for the estimation
of the Stokes parameters of the received signal
spectrum. We demonstrate the operation of the
coherent receiver by measuring the Stokes pa-
rameters of a 10 Gb/s NRZ signal after propaga-
tion through a polarization-maintaining (PM)
fiber. To dlustrate the potential use of the coher-
ent heterodyne receiver as PMD menitoring de-
vice in adaptive PMD compensators, we generate
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